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THE  UPPER  CRETACEOUS  AND  EOCENE  FLORAS  OF  SOUTH 
CAROLINA  AND  GEORGIA. 


By  Edward  Wilber  Berry. 


THE  UPPER  CRETACEOUS  FLORA  OF  SOUTH  CAROLINA. 
INTRODUCTION. 

The  following  report  is  the  first  systematic  account  of  fossil  ])lants  from  the  State  of 
South  Carolina.  It  describes  a  considerable  flora,  which  clearly  demonstrates  the  Upper 
Cretaceous  age  of  the  deposits  in  which  it  is  found  and  which  serves  to  correlate  these  deposits 
with  the  Upper  Cretaceous  of  adjacent  States  both  to  the  north  and  to  the  south. 

The  present  study  should  be  regarded  as  preliminary  in  nature,  for  it  is  probable  that 
when  the  Coastal  Plain  of  the  State  is  exhaustively  studied  many  new  localities  for  fossil  plants 
will  be  discovered  and  many  new  species  will  be  added  to  the  Cretaceous  flora;  not  imcommonly 
Upper  Cretaceous  floras  consist  of  two  or  three  hundred  species.  Wliat  is  already  known  of 
the  flora  of  the  Middendorf  arkose  member  of  the  Black  Creek  formation  renders  it  certain 
that  if  additional  plant-bearing  outcrops  are  discovered  they  will  yield  a  large  variety  of 
beautifully  preserved  leaf  impressions. 

The  ^vriter  is  under  obligations  to  !Mi\  Earle  Sloan,  formerly  State  geologist  of  South  Caro- 
lina, and  to  the  United  States  National  Museum  for  various  collections;  to  Mr.  T.  W.  Vaughan, 
of  the  LTnited  States  Geological  Survey,  luider  whom  the  work  has  been  prosecuted;  and 
especially  to  Mr.  L.  W.  Stephenson,  of  the  United  States  Geological  Survey,  for  the  care  and 
intelligence  with  which  he  has  collected  fossil  plants  in  this  area. 

HISTORICAL,   SKETCH. 

The  distinction  of  definitely  recognizing  the  occurrence  of  the  Cretaceous  in  North  America 
belongs  to  Lardner  Vanuxem,'  at  one  time  professor  of  chemistry  in  the  College  of  South  Caro- 
lina, who  announced  its  presence  in  1S29,  although  John  Finch  five  j'ears  earlier  had  pointed 
out  that  jjart  of  the  "alluvial  formation"  of  Maclure  was  probably  of  newer  "Secondary" 
age.^  In  the  paper  announcing  Vanuxem's  thesis  several  Cretaceous  localities  are  mentioned 
in  South  Carolina,  including  Mars  Bluff  on  Peedee  River.  A  number  of  references  to  the  Cre- 
taceous of  the  State  are  contained  in  the  works  of  Morton,  Hodge,  and  others.  Lyell  visited 
the  State  in  1841-42  and  recognized  the  Eocene  age  of  certain  calcareous  rocks  which  had 
pi'eviously  been  included  in  the  Cretaceous. 

At  the  time  of  Lyell's  visit,  or  a  little  later,  geologists  were  well  acquainted  with  the  Cre- 
taceous area  extending  from  Cape  Fear  River  in  North  Carolina  to  Peedee  and  Lynches  rivers 
in  South  Carolii\a,  as  is  witnessed  by  Henry  D.  Rogers's  address  before  the  Association  of 
^Werican  Geologists  and  Naturalists  at  Washington  in  1844.^  All  the  preceding  contributions, 
however,  as  well  as  the  descriptions  of  Cretaceous  deposits  included  by  Prof.  Tuomey  in  his 
Geology  of  South  Carolina,  refer  exclusively  to  the  fossiliferous  marine  Cretaceous,  which 
nearly  coincides  with  the  present  Peedee  sand.  The  large  area  of  Lower  Cretaceous  beds, 
as  well  as  the  deposits  of  most  of  the  Black  Creek  formation,  including  the  Middendorf  arkose 

1  Vanuxem,  Lardner,  Proc.  Acad.  Nat.  Sci.  Philadelphia,  vol.  6, 1829,  pp.  59-71;  Am.  Jour.  Sci.,  1st  ser.,  vol.  16, 1829,  pp.  254-256. 

2  Finch,  John,  Am.  Jour.  Sci.,  1st  ser.,  vol.  7,  1S:4,  pp.  31-43. 
'Rogers,  H.  D.,  Am.  Jour.  Sci.,  1st  ser.,  vol.  47, 1844,  p.  252. 
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member,  were  regarded  by  Tuomey  as  of  Eocene  age  and  are  designated  on  his  geologic  map 
"Sand  hills"  and  "Red  Hill  area." 

South  Carolina  is  not  mentioned  in  Prof.  Ward's  exhaustive  paper  on  the  geographic 
cUstribution  of  fossil  plants,  published  in  1889;'  nevertheless,  a  penisal  of  the  older  literature 
shows  that  the  earlier  geologic  workers  occasionally  encountered  vegetable  fossils.  They 
were  content,  however,  merely  to  mention  the  fact  or  to  identify  the  fossils  with  leaves  of 
trees  in  the  existing  flora  wliich  they /were  thought  to  resemble.  For  example,  Michael  Tuomey, 
in  his  admirable  report  on  the  geology  of  South  Carolina,^  speaks  of  "impressions  of  leaves, 
in  a  purplish  clay"  near  Fort  Motte  on  Congaree  River  and  on  the  same  page  mentions 
having  encountered — 

on  the  road,  near  the  head  branches  of  Halfway  Swamp,  thick  beds  of  sand,  containing  water-worn  nodules  of  marl 
and  a  log  of  silicified  wood,  of  considerable  size.  Immediately  beneath  this  is  a  bed  of  yellow,  tenacious  clay,  with 
partings  of  fine  sand  and  scales  of  mica.  Between  the  laminae  of  the  clay  we  found  very  distinct  impressions  of  the 
leaves  of  the  oak,  beech,  and  willow,  with  their  most  minute  veins  preserved.  This,  and  the  locality  already 
described,  are  the  only  ones  known  where  fossil  vegetable  remains  have  been  found  in  the  Eocene  of  the  United 
States,  with  the  exception  of  silicified  wood  and  lignite,  which  are  everywhere  abundant. 

Tliis  locality  is  in  Orangeburg  County  and  the  horizon  may  possibly  represent  an  Eocene 
leaf-beariitg  layer  instead  of  the  Cretaceous,  for  the  Claiborne  Eocene  transgresses  the  Upper 
Cretaceous  in  northern  Orangeburg  County,  and  there  are  no  recent  records  or  collections  of 
leaf  impressions  from  this  area.  On  page  154  of  the  same  work,  and  again  on  page  211,  Tuomey 
lists  silicified  wood,  lignite,  Quercus  leaves,  Fagus  leaves,  and  Salix,  erroneously  classing  the 
containing  deposits  as  lower  Eocene  in  age. 

Lieber  in  his  first  annual  report'  gives  considerable  attention  to  what  he  calls  the  "brown 
coal  of  the  Cheraws."  He  suggests  its  economic  possibihties  and  records  the  "bituminized 
trunk  of  a  tree  in  a  lignite  bed,"  figuring  the  trunk  in  liis  Plate  II,  figure  8.  Lieber  also 
regards  these  Upper  Cretaceous  beds  as  of  Eocene  age. 

More  recently  Darton  made  a  brief  reconnaissance  across  the  State  and  in  a  short  paper 
published  in  1895'*  records  that  "plant  remains  were  observed  at  many  points."  He  made 
no  collections,  however,  and  mentions  no  locaUties,  and  the  remark  quoted  may  be  taken 
as  one  of  a  general  natm-e.  In  1904  Earle  Sloan,  until  recently  State  geologist  of  South  Caro- 
lina, pubhshed  a  report  on  the  clays  of  that  State  that  shows  a  most  intimate  acquaintance 
with  all  parts  of  its  Coastal  Plain.  Fossil  leaves  are  mentioned  from  three  sections  of  the 
State, ^  near  Aiken,  near  Middendorf,  and  at  Rocky  Point.  This  report  is  entirely  economic 
in  character,  and  the  author  merely  records  the  presence  of  "  dicotyledonous  leaves  "  or  identifies 
them  from  their  resemblance  to  those  of  modern  species  as  the  leaves  of  the  "elm,  ash,  cypress, 
willow,  bay,  cane,  and  pine."  The  containing  beds,  howe'^er,  are  correctly  identified  as  of 
Cretaceous  age.  In  1907  the  present  writer"  recorded  nine  species  of  characteristic  Upper 
Cretaceous  plants  from  Rocky  Point,  in  Sumter  County,  contained  in  the  collections  of  the 
geological  department  of  Johns  Hopkins  University.  At  that  time  the  original  collector  was 
not  known,  but  it  subsequently  developed  that  the  plants  had  been  collected  in  1895  by  Prof. 
L.  C.  Glenn. 

In  the  spring  of  1897  Profs.  Ward  and  Glenn  visited  South  Carolina  and  made  large  collec- 
tions from  the  Rocky  Point  locality  and  a  small  collection  from  the  locaUty  near  DarUngton. 
The  important  locahties  near  Middendorf  and  in  Aiken  County  had  meanwhile  been  cUscovered 
by  Earle  Sloan,  who  sent  collections  from  these  areas  to  Prof.  Ward.  These  collections,  how- 
ever, were  never  studied.  In  1906  the  writer,  in  company  with  L.  W.  Stephenson,  made  a 
canoe  trip  from  Cheraw  to  the  mouth  of  Peedee  River,  after  which  Mr.  Stephenson  spent  con- 
siderable time  in  the  eastern  part  of  the  State.  In  1907  the  writer  paid  a  brief  visit  to  the 
Congaree- Wateree  area  and  collected  from  the  Rocky  Point  locahtj'.     In   a  canoe  trip  down 

1  Ward,  L.  F.,  Eighth  Anp.  Kept.  U.  S.  Geol.  Survey,  pt.  2,  1889,  pp.  663-960. 

-  Tuomey,  Michael,  Report  on  the  geology  of  South  Carolina,  Columbia,  1848,  p.  150. 

»  Lieber,  O.  M.,  Report  on  the  survey  of  South  Carolina,  2d  edition,  1858,  p.  94. 

<  Darton,  N.  H.,  Bull.  Geol.  Soc.  America,  vol.  7, 1896,  p.  517. 

6  Sloan,  Earle,  A  preliminary  report  on  the  clays  of  South  Carolina,  ser.  4,  BuU.  South  CaroUna  Geol.  Survey  No.  1,  1904.  pp.  26,  76,  104. 

«  Berry,  E.  W.,  Johns  Hopkins  Univ.  Circ,  new  ser.,  No.  7,  1907,  p.  81. 


UPPER  CRETACEOUS  FLORi^  OF  SOUTH  CAROLINA.  7 

Congaree  River  during  the  same  year  a  small  collection  from  the  banks  of  that  river  was  made 
by  Profs.  B.  L.  Miller  and  M.  W.  Twitchell.  In  the  spring  of  1908  Mr.  Stephenson  spent  some 
time  in  the  State,  making  collections  from  the  Black  Creek  formation  of  the  eastern  part  of 
the  State  as  well  as  from  deposits  near  Middendorf  and  Langley.  Subsequently  Mr.  Stephen- 
son and  the  writer  made  extensive  collections  from  Cretaceous  beds  near  Middendorf  and 
Langley.  In  1910  Earle  Sloan  sent  the  writer  a  collection  from  Miles  Mill  in  Aiken  County. 
All  these  collections  have  come  into  the  hands  of  the  writer  and  are  the  basis  of  the  present 
report.     The  identifiable  material  is  deposited  in  the  United  States  National  Museum. 

GEOLOGY   OF   CRETACEOUS   DEPOSITS   OF   SOUTH  CAROLINA. 

The  Cretaceous  deposits  of  South  Carolma  form  a  bolt  of  varpng  width  extending  entirely 
across  the  State  east-northeast  and  west-southwest.  This  belt  is  narrow  toward  the  Cieorgia 
line,  being  only  about  20  miles  in  width  at  Savannah  River,  but  widens  northeast  of  Black 
River  to  nearly  100  miles.     Both  I^ower  and  Upper  Cretaceous  deposits  are  represented. 

LOWER  CRETACEOUS  SERIES. 

On  the  southeastern  margin  of  the  crystalline  rocks  of  the  Piedmont  Plateau,  at  an  eleva- 
tion of  400  to  500  feet  or  slightly  more,  lies  a  series  of  white  and  colored  clays,  in  many  places 
pure  kaolins,  and  of  arkosic,  locally  micaceous,  coarse  or  fine  sands  with  clay  balls  and,  toward 
the  base,  subangular  pebbles.  The  deposits  are  in  a  few  locaUties  lignitic,  but  no  recognizable 
plant  fossils  hava  been  collected.  The  beds  dip  .50  or  60  feet  to  the  mile  toward  the  southeast 
and  have  an  estimated  thickness  of  200  to  .300  feet.  They  constitute  the  "Hamburg  phase" 
of  Sloan,  wliich  in  the  Aiken  area  is  separated  by  a  local  unconformity  into  two  divisions, 
called  by  Sloan  "Lower  Hamburg"  and  "Upper  Hambm-g."  They  appear  to  be  continuous 
with  the  Patuxent  ("Cape  Fear")  formation  of  North  Carolina  and  thus  to  represent  the 
basal  formation  of  the  Potomac  group  of  the  Maryland-Virginia  area.  To  the  southwest  they 
appear  to  be  continuous  with  the  Lower  Cretaceous  deposits  of  Greorgia,  wliich  have  been 
erroneously  correlated  with  the  Tuscaloosa  formation  (Upper  Cretaceous)  of  Alabania  by  the 
Georgia  Geological  Survey.  According  to  the  evidence  afforded  by  poorly  preserved  plants, 
however,  the  Lower  Cretaceous  deposits  of  Georgia  and  Alabama  appear  to  be  younger  than 
the  PatiLxent  formation  of  the  type  region. 

TTPPEB  CRETACEOUS  SERIES. 
BLACK    CREEK    FORMATION. 

Middendo7'f  arl'ose  memher. — A  somewhat  similar  series  of  cross-bedded,  varicolored,  mica- 
ceous, and  in  many  places  arkosic  sands,  containing  pebbles,  clay  balls,  and  local  deposits  of 
nearly  pure  kaolin  unconformably  overUes  the  Lower  Cretaceous  deposits.  These  beds,  which 
are  here  called  Middendorf  arkose  member,  are  between  100  and  200  feet  in  thickness  and 
consist  to  a  large  extent  of  reworked  Lower  Cretaceous  materials.  They  can  be  traced  inter- 
ruptedly nearly  across  the  State,  being  transgressed  by  the  Eocene  at  several  points  southwest 
•  of  Lynches  River  and  either  replaced  by  partly  contemporaneous  deposits  of  a  different  character 
or  transgressed  by  later  Cretaceous  in  the  northeastern  part  of  the  State.  These  beds,  which 
constitute  the  Middendorf  formation  of  Sloan,  in  places  carry  a  rich  and  varied  fossil  flora  of 
Upper  Cretaceous  age.  Along  the  landward  margin  of  theh-  outcrop  their  lithologic  features  are  in 
marked  contrast  with  the  characteristic  beds  of  the  Black  Creek  formation,  but  farther  south- 
ward, for  example,  in  the  Congaree  River  valley,  the  Middendorf  member  commonly  exMbits 
micaceous,  lignitic  sandy  phases,  and  dark  laminated  argillaceous  phases  exactly  similar  to 
those  of  the  typical  Black  Creek  but  less  extensively  developed.  On  the  other  hand,  the 
Black  Creek  formation  as  developed  in  North  Carolina  contains  a  great  tliickness  of  light 
and  highly  colored  cross-bedded  sands  similar  to  those  of  the  Middendorf  member  of  South 
Carohna,  and  it  there  covei-s  the  time  interval  of  the  Middendorf  member.  The  Middendorf 
therefore  has  been  adopted  by  the  Survey  as  a  member  of  the  Black  Creek  formation. 
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Other  deposits. — In  part  later  than  the  Middendorf  member  and  m  part  contemporaneous 
with  it  is  a  series  of  dark  laminated  clays  (shales)  with  sand  partings  and  lenses  of  micaceous 
fine-grained  sands.  These  clays,  wliich  constitute  the  Black  Creek  formation  of  Sloan,  are 
confined  to  the  eastern  part  of  the  State,  covering  the  southern  half  of  Marlboro  County,  the 
northwestern  part  of  Marion  County,  the  northern  part  of  Florence  County,  nearly  all  of 
Darlington  County,  and  the  southeastern  part  of  Lee  County,  their  areal  outcrop  being  termi- 
nated abruptly  by  the  transgression  of  the  Eocene  in  south-central  Lee  County.  These  beds 
are  extensively  developed  in  North  Carolina,  where  they  attain  great  tliickness.  The  lower 
part  of  these  beds  probably  represents  most,  if  not  all,  of  the  Middendorf  sedimentation,  as 
well  as  that  of  the  period  intervening  between  the  close  of  the  Middendorf  anil  the  beginning 
of  the  Peedee.  Fossil  plants  of  genera  and  species  similar  to  those  described  from  the  North 
Carolina  area  have  been  collected  from  a  number  of  localities  in  Chesterfield,  Florence,  and 
Darlington  counties,  but  the  exposures  throughout  tliis  area  are  few  and  poor,  owing  to  the 
flatness  of  the  country,  which  is  uniformly  covered  with  a  mantle  of  Pleistocene  in  addition 
to  patches  of  Eocene  and  Miocene  deposits.  The  area  occupied  "by  these  deposits  of  the  Black 
Creek  formation  in  South  Carolina  has  not  been  very  extensively  examined  for  fossil  collections 
because  there  is  no  reason  to  believe  that  their  flora  differs  in  any  respect  from  that  found  in 
the  Black  Creek  formation  in  the  North  Carolina  area,  where  the  exposures  are  more 
plentiful. 

As  previously  mentioned,  the  Middendorf  member  in  the  Congaree  Valley  contains  lenses 
of  micaceous  lignitic  sands  and  dark  laminated  clays  like  those  of  the  typical  Black  Creek,  iiuli- 
cating  that  at  times  the  conditions  which  led  to  this  great  thickness  of  deposits  along  the  north 
border  of  South  Carolina  prevailed  farther  -toward  the  southwest.  Like  the  Black  Creek 
deposits  of  North  Carolina,  these  beds  of  South  Carolina  are  in  places  glauconitic,  and  pellets 
of  amber  are  widely  distributed  in  them. 

PEEDEE    SAND. 

A  series  of  compact  sands,  in  many  places  fossiliferous,  less  commonly  calcareous,  and 
somewhat  glauconitic,  conformably  '  overlies  the  Black  Creek  formation  where  it  is  not  trans- 
gressed by  the  Eocene.  These  sands  constitute  the  Peedee  sand,  or  the  "Burches  Ferry  marls" 
of  Sloan.  They  extend  northeasterly  into  North  Carolina.  They  are  typically  marine  deposits, 
carrying  the  Belemnitella  americana  fauna,  and  are  correlated  with  the  Monmouth  fonnation 
of  the  Northern  Atlantic  Coastal  Plain  and  with  the  typical  Ripley  of  iiortheastcrn  Mississippi. 
They  are  not  known  to  contain -fossil  plants  in  the  South  Carolina  area  and  are  confined  to  the 
eastern  part  of  the  State,  where  they  are  widely  distributed,  though  commonly  hidden  by 
various  Tertiary  or  Pleistocene  deposits. 

DESCRIPTION   OF  PLANT  LOCALITIES. 

To  supplement  the  foregoing  brief  outline  of  the  Cretaceous  as  developed  in  South  Carolina; 
a  few  words  may  be  devoted  to  the  1 1  different  exposures  where  fossil  plants  have  been  collected. 

Localities  referred  to  the  Middendorf  arkose  member  of  the  Black  Creek  formation  are 
first  considered,  after  which  those  in  the  other  deposits  of  the  Black  Creek  formation,  in  the 
order  of  their  geographic  succession  to  the  southwest,  are  taken  up. 

1.  Near  Middendorf  {Field  No.  3.7). — This  locality  is  near  the  Seaboard  Air  Line  Railway, 
about  2  miles  northeast  of  the  town  of  Middendorf  and  immediately  west  of  overhead  wagon 
bridge  366.  It  is  just  south  of  the  Camden  wagon  road  and  about  5  miles  east  of  Big  Black 
Creek.     (See  PI.  I,  A.)     The  following  section  is  exposed  in  the  railroad  cut: 

Section  erposed  in  railroad  cut  2  miles  northeast  of  Middendorf. 

Feet. 

1.  Surficial  sandy  loam,  s..nd,  and  claj' 4-10 

2.  Clay  lens  containing  leaves 0-4 

3.  Cross-bedded  arkosic  sands,  variegated  in  color 4-10 

1  Stephenson  records  an  unconformity,  presumably  local,  in  Darlington  County  (unpublished  notes). 
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PLANT-BEARING    CLAY    IN     MIDDENDORF    ARKOSIC    MEMBER,     BLACK 
CREEK    FORMATION. 

A.  Near  Middendorf,  Chesterfield  County,  S.  C;    B,  Near  Langley,  Aiken  County.  S,  C. 
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The  leaves  are  found  beneath  a  ferruginous  crust  about  3  inches  thick,  which  is  local  and 
occurs  only  above  the  middle  portion  of  the  clay  lens.  They  are  for  the  most  part  replace- 
ments by  ferric  oxide  and  make  very  handsome  specimens,  the  rusty  red  leaf  contrasting  against 
the  background  of  light-buff  kaolin,  for  the  bright  red  of  the  freshly  collected  material  fades 
only  slightly  in  drying  out.  Toward  each  end  of  the  cut  the  Pleistocene-Middendorf  contact 
passes  downward  and  disappears  below  the  level  of  the  track.  The  Middendorf  member  in 
this  vicinity  consists  for  the  most  part  of  sands,  with  the  exception  of  the  one  prominent 
clay  lens. 

This  is  the  most  prolific  locality  for  fossil  plants  in  South  Carolina,  having  furnished  41 
of  the  recorded  species.  Most  of  these  are  splendidly  preserved.  The  following  species  occur 
at  the  Middendorf  locality: 

Acaciaphyllites  gre\'illeoides  Berry. 
Andromeda  euphorbiophylloides  Berry. 
Andromeda  novsecasareBe  Hollick. 
Brachyphyllum  macrocarpum  Newberry.- 
Csesalpinia  middendorfensis  Berry. 
Calycites  middendorfensis  Berry. 
Celastrophyllum  crenatum  Heer. 
Cinnamomum  middendorfensis  Berry. 
Citrophyllum  aligerum  (Lesquereux)  Berry. 
Crotonophyllum  panduRtformis  Berry. 
Diospyros  primaeva  Heer. 
Eucalyptus  geinitzi  (Heer)  Heer. 
Eucalyptus  wardiana  Berry. 
Ficus  ata\'ina  Heer. 
Ficus  celtifolius  Berry. 
Ficus  crassipes  Heer. 
Ficus  krausiana  Heer. 
Ficus  stephensoni  Berry. 
Juglans  arctica  Heer, 
Laurus  plutonia  Heer. 
Laurophyllum  elegans  Hollick. 

By  far  the  most  abundant  form  is  Sequoia  reicJienbachii  (Geinitz)  Heer,  of  which  whole 
leafy  branches,  many  with  their  cones  attached,  are  present. 

^.  Eocl-y  Point  {Field  No.  3.1). — This  locality  is  one-half  mile  northeast  of  Sumter  Jimction, 
on  the  Camden  division  of  the  Southern  Railway,  along  the  eastern  scarp  of  the  Wateree  Swamp, 
about  24  miles  east  of  the  river  and  a  short  distance  east  of  Beach  Creek.  The  following  section 
is  exposed: 

Section  exposed  at  Rocky  Point. 
Pleistocene:  Feet. 

Sand,  coarse,  reddish,  argillaceous,  more  or  less  cemented,  with  iron  crusts  below 6 

Pack  sand,  fine,  light  gray,  stratified,  becoming  more  ferruginous  below 15-18 

Eocene: 

Clay,  brownish,  laminated,  with  partings  of  Ught-gray  sand 6-8 

Upper  Cretaceous  (Middendorf  arkose  member  of  Black  Creek  formation): 

Sand,  coarse,  white  and  yellow,  ferruginous,  becoming  \-ery  coarse  below 5-6 

Clay,  lens,  brownish,  laminated 1 

Sand,  very  coarse,  ferruginous 4-5 

Similar  materials,  more  or  less  indurated 3-4 

Clay,  interlaminated,  brownish,  and  clay  ironstone  wiih  abundant  leaf  impressions 2 

Sand,  coarse,  brown 2 

Clay,  laminated,  brown,  and  clay  ironstone  crusts 3-4 

Clay,  more  massive,  weathering  to  reddish  and  purple 4-5 

Sand,  light  drab,  fine,  with  some  clay  laminae  and  a  fev.-  thin  ferruginous  crusts 10 

Clay,  light  drab. 10 

The  railroad  at  this  pomt  is  115  feet  above  sea  level. 


Laurophyllum  nervillosum  Hollick. 
Leguminosites  middendorfensis  Berry. 
Lycopodium  cretaceum  Berry. 
Magnolia  capellinii  Heer? 
Magnolia  obtusata  Heer. 
Magnolia  tenuifolia  Lesquereux? 
Momisia  carolinensis  Berry. 
Moriconia  americana  Berry . 
Onoclea  inquirenda  (Hollick)  Hollick. 
Pachystima?  cretacea  Berry. 
Pinus  raritanensis  Berry. 
Potamogeton  middendorfensis  Berry. 
Proteoides  lancifolius  Heer. 
Proteoides  parvnla  Berry. 
Quercus  pseudowestfalica  Berry. 
Salix  flexuosa  Newberry. 
Salix  lesquereuxii  Berry. 
Salix  pseudohayei  Berry. 
Sequoia  reichenbachii  (Geinitz)  Heer. 
Widdringtonites  subtilis  Heer. 
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The  following  26  species  of  fossil  plants  occur  at  this  localit}': 


Andromeda  grandifolia  Berry. 
Andromeda  parlatorii  Heer. 
Arimdo  groenlandica  Heer? 
Carex  clarkii  Berry. 
Celastrophyllum  elegans  Berry. 
Cinnamomum  newberryi  Berry. 
Crotonophyllum  pandurajformis  Berry. 
Cunninghamites  elegans  (Cordii  Endlicher. 
Diospyros  primieva  Heer. 
Diospyros  rotundifolia  Lesquereux. 
Eucalyptus  geinitzi  (Heer)  Heer. 
Ficus  atavina  Heer. 
Ficus  crassipes  Heer. 


Ficus  krausiana  Heer. 
Haniaraelites  (?)  cordatus  Lesquereux. 
Heterolepis  cretaceus  Berry. 
Illicium  watereensis  Berry. 
Magnolia  capellinii  Heer? 
Phragmites  pratti  Berry. 
Podozamites  knowltoni  Berry. 
Proteoides  lancifolius  Heer. 
Protophyllocladus  lobatus  Berry. 
Quercus  pseudowestfalica  Berry. 
Quercus  sumterensis  Berry. 
Salix  lesquereuxii  Berry. 
Widdringtonites  subtilis  Heer. 


Of  these  the  various  species  of  Ficus  are  the  most  abundant,  Ficus  crassipes  Heer  and 
Ficus  krausiana  Heer  being  especially  common  and  well  preserved.  Andromeda  grandifolia 
Berry  and  Protophyllocladus  lohatus  Berry  are  also  common,  the  other  species  being  represented 
by  only  a  few  individuals.  This  locality  stands  next  to  that  near  Middendorf  m  the  variety 
of  forms  represented,  but  a  good  many  of  the  specmiens  were  in  a  rather  fragmentary  condition 
before  entombment. 

3.  About  25  miles  helow  Columbia  (Field  No.  3.3).— The  plants  from  this  locahty,  which  is 
on  the  right  bank  of  Congaree  River,  in  Lexington  County,  are  represented  by  faint  impressions 
in  a  buff,  almost  white,  micaceous,  finely  arenaceous,  thinly  laminated  clay,  and  only  the 
following  forms,  the  majority  tentatively  identified,  are   recognizable: 


Cinnamomum  newberryi  Berry  (?). 
Diospyros  primseva  Heer  (?). 
Ficus  crassipes  Heer. 


Ficus  krausiana  Heer  (?). 
Salix  flexuosa  Newberry  (?). 
Salix  lesquereuxii  Berry  (?). 


The  two  species  of  Ficus  are  the  most  common.  Dark  laminated  hgnitic  sandy  clays 
along  Congaree  River  in  this  vicinity  show  the  typical  lithology  of  the  Black  Creek  formation 
farther  to  the  northeast. 

4-  Near  Langley  (Field  No.  3.8). — This  locality  is  just  cast  of  the  old  Augusta  road,  1  mile 
north  of  the  town  of  Langley  and  one-half  mile  west  of  Langley  Dam,  on  Bighoi-se  Creek,  in 
Aiken  County,  in  a  shallow  gully  which  has  cut  into  clay  of  the  Middendorf  member  to  a  depth 
of  about  8  feet.  The  material  is  a  massive,  nearly  white  kaolin  (''chalk"),  and  the  leaf  impres- 
sions, which  are  not  common,  are  replacements  by  ferric  oxide  and  show  as  a  rich  coffee  color 
against  the  background  of  nearly  white  clay.     (See  PI.  I,  B.) 

The  following  17  species  have  been  identified  from  this  locality: 


Laurus  plutonia  Heer. 

Leguminosites  robiniafolia  Berry. 

Myrsine  gaudini  (Lesquereux)  Berry. 

Sabalites  carolinensis  Berry. 

Salix  flexuosa  Kewberry. 

Salix  lesquereuxii  Berry. 

Salix  sloani  Berry. 

Sapindus  morrisoni  (Lesquereux  MS.)  Heer. 


Andromeda  parlatorii  Heer. 
Araucaria  jeffreyi  Berry  ? 
Celastrophyllum  carolinensis  Berry. 
Criilonophyllum  panduneformis  Berry. 
Dewalquea  smithi  Berry. 
Diospyros  primaeva  Heer. 
Eucalyptus  geinitzi  (Heer)  Heer. 
Ficus  crassipes  Heer. 
Ficus  stephensoni  Berry. 

All  are  common,  the  Dewalquea,  Diospyros,  Sabahtes,  and  the  species  of  Salix  and  Ficus 
being  most  common  and  best  preserved. 

4a.  Miles  Mill  (Field  No.  3.11). — This  locahty  is  in  northern  Aiken  County  and  has  not 
been  visited  by  the  writer.  The  materials  and  preservation  are  the  same  as  at  the  Langley 
locality,  and  the  collection  was  made  by  Earle  Sloan,  former  State  geologist.  The  follo^ving 
species  are  present  in  the  collection: 


Citrophyllum  aligerum  Berry  ? 
Crotonophyllum  pandurajformis  Berry. 
Dewalquea  smithi  Berry. 
Diospyros  primseva  Heer. 


Quercus  pseudowestfalica  Berry  ? 
Salix  lesquereuxii  Berry. 
Salix  eloani  Berrv. 
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Of  these  seven  species  the  Dewalquea  is  bj^  far  the  most  common  at  this  locality.  The 
Crotonophyllum  is  not  rare,  but  the  others  are  each  represented  by  only  one  or  two  specimens. 

5.  About  6  miles  below  Cheraw  {Field  No.  3.10). — This  locality  is  in  Chestei-field  County 
and  is  represented  by  characteristic  Black  Creek  materials  carrying  leaf  remains,  not  in  place, 
but  washed  upon  a  river  sand  bar  from  some  undiscovered  Black  Creek  outcrop  in  the  vicinit}'. 
They  could  not  have  been  carried  far  because  of  their  character  and  because  this  point  is  at  the 
exact  landward  margin  of  the  Black  Creek  formation.  Only  one  recognizable  species,  Hedera 
primordialis  Saporta,  is  represented. 

6.  About  8  miles  east  of  Darlingthn  (Field  No.  S.2). — This  exposure,  on  the  west  bank  of 
Louthers  Lake,  one-half  mile  below  the  ferry,  at  a  spring,  shows  about  IS  feet  of  dark  car- 
bonaceous laminated  clay  with  micaceous  and  locally  glauconitic  sand  partings.  About  1 
foot  from  the  top  there  is  a  1-foot  layer  of  lignitic  sand  and  clay  balls,  and  a  foot  or  two  below 
this  layer  imperfect  leaf  remains  are  plentiful.  These  include  a  Ploragmites-hke  form  and  a 
lanceolate  Ficus  suggesting  Ficus  crassipes  Heer,  but  the  materials  are  too  incomplete  for 
identification.  Amber  in  small  drops  is  present  at  this  oiitcrop.  Louthers  Lake  is  an  oxbow 
of  the  Peedee,  and  the  above  exposure  is  about  6  miles  west  of  the  present  river  channel  and 
near  the  eastern  boundary  of  Darlington  County. 

7.  Rigid  bank  of  Black  Creek  (Field  No.  3.6). — This  locality,  lA  miles  east  of  Darlington 
and. 750  feet  south  of  the  Cashua  Ferry  road  bridge,  shows  a  low  exposure  of  characteristic 
Black  Creek  materials  with  poor  plant  remains.  The  only  recognizable  forms  are  Araucaria 
darlingtonensis  Berry,  Ficus  krausiana,  and  Strobilites  anceps  Berry,  although  Mr.  Stephenson 
reported  seeds  of  Cephalotaxospermum,  which  were  not  found  in  the  material  sent  in,  though 
very  probably  they  occur  here,  as  they  are  found  along  Black  Creek  in  the  vicinity. 

S.  Cashua  Road  (Field  No.  3.4). — A  low,  poor  exposure  of  a  light  chocolate-colored,  poorly 
laminated  clay  of  Black  Creek  age,  containing  abundant  but  much-macerated  and  rather  faint 
leaf  impressions  appears  just  northeast  of  DarUngton,  near  the  foot  of  the  slope  leading  down 
to  Swift  Creek  and  about  2  rods  south  of  the  road.  This  locality  was  visited  by  Ward  and 
Glenn  in  1S97,  and  the  small  collection  ^  made  by  them  at  that  time  was  sent  to  Dr.  Arthur 
Hollick  at  the  New  York  Botanical  Garden.  The  WTiter  examined  this  collection  in  New  York 
but  failed  to  find  any  identifiable  forms.  The  collection  made  by  Stephenson  in  1908  contains 
the  following  species: 

Hedera  primordialis  Saporta  ? 
Laurophylluni  nervillosura  Hollick  ? 
Magnolia  newberryi  Berry  ? 
Myrica  elegans  Berry. 

The  last-mentioned  form  is  the  most  abundant  represented  in  the  collection.  In  adcUtion 
to  plant  forms  inileterminable  casts  of  invertebrates  were  found. 

9.  Right  bank  of  Black  Creek  (Field  No.  3.9). — About  25  feet  of  dark  carbonaceous  clays 
interlaminated  with  yellowish,  locally  indurated,  lignitic  sand  are  exposed  about  2  miles  below 
WiUiamsons  Bridge  in  DarUngton  County.  Amber  is  present,  and  comminuted  plant  remains 
are  plentiful  and  well  distributed.  The  plant  material  is  best  preserved  within  a  few  feet  of 
the  base  of  the  section,  and  the  following  foiTQs  have  been  recognized: 

Eucalyptus  angusta  Velenovsky 
Ficus  krausiana  Heer. 
Myrica  brittoniana  Berry. 

10.  Ashhy's  place,  3\  miles  northeast  of  Florence  (Field  No.  3.5). — This  exposure  is  beside  a 
small  branch  flo\ving  into  Black  Creek.  Characteristic  Black  Creek  materials  at  this  point 
yielded  the  following  species : 

Algites  americana  Berry. 
Araucaria  bladenensis  Berry. 
Cephalotaxospermum  carolinianum  Berry. 

1  The  exact  locality  of  this  collection  was  along  a  ditch  north  of  the  road,  from  the  same  outcrop. 


Proteoides  lancifolius  Heer  ? 
Rhus  darlingtonensis  Berry. 
SaEx  lesquereuxii  Berry  ? 
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Lignite  is  abundant,  and  the  clays  are  full  of  fragments  of  indeterminable  leaves  of  dico- 
tyledons. They  also  contain  obscure  pelecypod  impressions.  The  materials  are  dark,  lami- 
nated, lignitic  clays  with  micaceous  sand  partings  and  locally  small  clay  lenses.  They  are 
exposed  along  the  branch  to  a  total  tliickness  of  25  or  30  feet,  a.eparated  into  two  nearly  equal 
divisions  by  an  intercalated  lens  of  greenish-gray  or  yellowish  rather  fine  sand  with  here  and 
there  small  lenses  of  dark  clay,  the  sand  member  being  some  20  feet  in  tliickness.  Fossil  plants 
occur  both  above  and  below  the  sand  lens,  detached  leaves  of  the  Araucaria  being  recognizable 
most  commonly. 

UPPER   CRETACEOUS    OEOLOGIC   HISTORY   OF   SOUTH   CAROLINA. 

The  geologic  history  of  that  portion  of  the  Upper  Cretaceous  of  South  Carolina  which  has 
yielded  fossil  plants  is  not  varied,  although  it  apparentl}^  represents  a  considerable  portion  of 
Upper  Cretaceous  time  as  a  whole.  The  data  upon  wliich  the  following  brief  sketch  is  based 
are  both  physical  and  biologic,  and  in  order  to  avoid  ambiguity  of  statement  the  Middendorf 
arkose  member  and  the  other  deposits  of  the  Black  Creek  formation  are  accorded  more  or  less 
separate  treatment.  The  deposits  of  the  Middendorf  member  furnish  satisfactory  evidence  of 
their  origin,  the  method  of  their  deposition,  and  the  attendant  physical  conditions.  Histori- 
cally they  represent  the  initial  advance  of  the  Upper  Cretaceous  sea  over  the  coastal  lands 
made  up  of  the  Lower  Cretaceous  arkosic  sands  and  kaolin  deposits.  This  advance  was  in 
point  of  time  somewhat  later  than  the  initial  sedimentation  of  the  Tuscaloosa  formation  of 
Alabama,  but  was  probably  sUgbtly  earlier  than  the  initial  deposits  of  the  tyjjical  Black  Creek 
sedimentation. 

Middendorf  time  was  not  of  great  duration,  for  the  deposits  are  not  tliick  and  were  for  the 
most  part  fomied  rapidly,  as  evinced  by  the  current  bedding  and  coarseness  of  the  sands. 
They  represent  littoral  or  beach  deposits  combined  with  delta  deposits  and  with  estuarine 
deposits  in  shallow  bays  or  sounds.  Geographically  the  conditions  may  be  comparable  with 
those  m  Albemarle  and  Pamlico  sounds  of  eastern  North  Carolina,  or  less  closely  with  those  in 
the  quiet  estuaries  of  Chesapeake  Bay,  where  line-grained  muds  are  being  fonned  in  certain  areas 
at  the  i^resent  time.  TopograpMcally,  however,  the  parallel  is  not  so  close,  for  the  present-day 
topography  is  more  mature  and  the  rehef  is  slight.  Sections  drawn  across  a  nmnber  of  recent 
bays  and  sounds  along  the  South  Atlantic  and  Gulf  coasts  show  in  some  degree  what  must  have 
been  the  topography  in  South  CaroUna  at  the  beginning  of  Middendorf  sedimentation,  except  that 
the  modern  shores  are  low.  In  Middendorf  time  the  Coastal  Plain  was  represented  by  a  com- 
paratively narrow  strip  of  Lower  Cretaceous  deposits  and  the  eastern  flank  of  the  Piedmont  was 
considerably  more  elevated  than  it  is  to-day,  so  that  the  earher  deposits  of  the  Middendorf, 
at  least,  are  more  largely  sands  than  the  deposits  now  forming  along  the  seaward  margin  of 
the  Coastal  Plain.  These  conditions  for  the  ^liddendorf  member  may  be  most  simply  illus- 
trated by  the  probable  liistoiy  of  a  single  valley.  The  Lower  Cretaceous  surface  may  be 
imagined  to  represent  the  emerged  land  surface  before  the  depression  or  warping  or  other 
process  that  inaugurated  the  Upper  Cretaceous  cycle  of  deposition  as  it  is  knowm  to-day.  Ter- 
restrial aggradation  deposits  would  be  laid  down  on  both  valley  slopes,  and  fluviatile  or  lacus- 
trine deposits  would  be  laid  down  at  some  points  along  its  floor.  With  the  changes  in  relative 
level  the  valley  would  become  a  baj-,  estuary,  or  sound,  and  the  quickened  erosion  would 
rapidly  build  out  deltas  or  alluvial  fans  along  its  western  margin.  This  would  segregate  the 
coarser  sediments,  and  the  finer  particles,  as  well  as  a  large  part  of  the  floating  carbonaceous 
matter  and  minute  flakes  of  mica,  would  be  carried  beyond  the  coarser  materials  along  the 
shore  and  ultimately  deposited  in  laminated  clays  of  the  Black  Creek  type.  A  brief  study  of 
sunilar  physiograpliic  deposits  of  the  present  confirms  the  essential  correctness  of  tliis  sup- 
position. The  interaction  of  forces  would  surely  develop  some  rehef  of  the  surface  of  the  sand 
flats ;  bars  or  atolls  would  be  formed  from  the  coarser  materials  and  witliin  the  lagoons  inclosed 
by  them  the  kaolins  would  be  deposited.  That  the  sea  did  not  have  free  access  to  the  area  is 
shown  by  the  complete  absence  of  e\-idence  of  marine  life  in  the  Middendorf  mendjcr  and  otlier 
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early  Black  Creek  sediments.  The  fact  that  remains  of  terrestrial,  flu\natile,  or  estuarine 
animals  are  not  found  must  be  attributed  to  the  nature  of  the  sedimentation"  just  outHned. 
The  streams  were  numerous  and  more  or  less  torrential  in  character,  piling  up  their  sediments 
as  a  series  of  alluvial  fans  which  fuially  merged  and  were  completely  united  by  the  sediments 
of  the  advancing  sea.  The  kaohns  were  meanwhile  deposited  in  the  sheltered  basins.  Deposits 
of  tliis  kind  are  rarely  fossiliferous,  as  is  evinced  by  the  lack  of  fossils  in  other  analogous  series. 
The  Lower  Cretaceous  of  the  Coastal  Plain  outcrops  for  several  hundred  miles  along  the  eastern 
margin  of  the  Piedmont,  but  it  contains  very  few  fossil  plants,  and  after  several  decades  of 
exploration  not  more  than  half  a  dozen  scarcely  determinable  shells  and  a  single  fragmentary 
fish  have  been  found  in  it. 

In  time  the  Piedmont  river  gradients  were  lessened  and  river  and  coastal  swamps  became 
more  numerous.  With  contmued  subsidence  such  barriers  as  existed,  whether  sand  bars  or 
islands  comparable  to  the  North  Carolma  "banks,"  were  submerged,  and  the  sediments  began 
to  take  on  a  typical  marme  character  and  to  consist  of  laminated  sands  and  clays  with  some 
glauconite  and  much  vegetable  debris  derived  for  the  most  part  from  the  coastal  swamps. 
Thus  sedimentation  of  the  typical  Black  Creek  type  commenced  considerably  earlier  toward 
the  North  Carolina  border  than  to  the  southwest — in  fact,  there  are  no  traces  of  such  sedi- 
ments in  the  Aiken  area,  a  condition  partly  exi^lained  by  subsequent  subsidence  in  this  area 
and  by  the  profound  Eocene  overlap.  Nevertheless,  the  much  moi'e  extensive  deposits  of 
kaolin  in  the  Aiken  area  give  evidence  of  longer-continued,  comparatively  quiet  nonmarme 
conditions. 

The  typical  Black  Creek  sedimentation  begins  a  series  of  deposits  which  m  thcii-  origin, 
character  of  materials,  and  contained  flora,  are  strictly  comparable  with  the  ilagothy  and 
Matawan  formations  of  the  northern  Coastal  Plain,  the  Black  Creek  formation  of  North  Caro- 
lina, the  Eutaw  formation  of  Georgia,  and  the  upper  half  of  the  Tuscaloosa  formation  of  western 
Alabama.  Probably  also  the  physiography  of  the  lands  adjacent  to  the  places  where  these 
sediments  were  laid  down  was  the  same  in  its  general  character.  All  the  facts  available  point 
to  the  practical  synchroncity  of  these  deposits. 

The  relief  at  the  begmning  of  Middendorf  sedimentation  was  considerable;  the  Piedmont 
surface,  deeply  weathered  durmg  long  ages,  had  been  extensively  stripped  of  the  decayed, rock 
which  formed  the  Lower  Cretaceous  deposits  and  of  the  deposits  representmg  the  subsequent 
erosion  interval.  This  removal  was  not,  however,  nearly  so  extensive  as  many  persons  have 
thought.  A  considerable  elevation  and  erosion  interval  which  follows  is  represented  by  the 
Arundel,  Patapsco,  and  Raritan  formations  of  the  more  northern  Coastal  Plain  and  by  the 
great  thickness  of  marine  sedmients  of  at  least  the  upper  part  of  the  Lower  Cretaceous  section 
in  the  Texas  region.  A  subsidence  or  warping  at  the  close  of  Raritan  time  inaugurated  the 
South  Atlantic  cycle  of  Upper  Cretaceous  time. 

The  dip  of  the  Piedmont  surface  upon  which  the  Lower  Cretaceous  rests  is  between  .50  and 
75  feet  to  the  mile,  and  though  the  amount  of  subsequent  warping  which  may  have  occurred  is 
not  deterrmnable,  these  figures,  however  inadequate,  furnish  some  basis  for  calculating  the 
probable  elevation  of  the  Piedmont  land  surface  at  the  commencement  of  the  Lower  Cretaceous 
epoch.  Though  the  Lower  Cretaceous  surface  suffered  considerable  erosion  before  ]\Iiddendorf 
time,  the  begmnmg  of  ]Middendorf  seduuentation  mdicates  a  second  warpmg  with  more  or  less 
relative  subsidence  to  the  eastward  and  elevation  to  the  westward,  so  that  the  general  slope 
may  have  been  nearly  as  great  as  it  was  at  the  beguuihig  of  Lower  Cretaceous  sedimentation 
in  this  area. 

The  flora  as  well  as  the  physical  conditions  show  that  the  Middendorf  member  and  the 
lower  part  of  the  typical  Black  Creek  deposits  were  formed,  in  part,  at  least,  at  practically  the 
same  time.  The  iliddendorf,  representmg  locally  the  initial  basement  sands,  was  probably 
formed  m  part  on  land,  or  at  the  pomt  where  the  Cretaceous  rivers  reached  sea  level,  or  in  the 
sounds  or  bays  which  are  supposed  to  have  existed.  Meanwhfle  the  tj^jiical  Black  Creek  sedi- 
ments were  being  deposited  seaward.  As  subsidence  continued  any  barriers  which  may  have 
existed  were  submerged,  especially  in  the  Peedee  area,  so  that  practically  the  whole  sedimentation 
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became  of  the  typical  Black  Creek  type  and  continued  long  after  the  close  of  the  deposition 
of  the  Middendorf  member. 

This  report  does  not  treat  of  the  subsequent  geologic  history,  which  mcludes  the  deposition 
of  the  unmediately  succeeding  Peedee  sand  into  which  the  Black  Creek  formation  finally  merged 
and  the  subsequent  reworking  of  the  deposits  in  the  gradual  withdrawal  of  the  sea  to  its  various 
Tertiary  and  more  modern  levels. 

SYSTEMATIC   DESCRPPTION   OF  THE  FLORA. 

Phylum  THALLOPHYTA. 

Genus  ALGITES  Seward. 

AlGITES    AMERICANA    sp.  nOV. 

Description. — The  thallus  is  preserved  hi  the  form  of  dichotomously  divided  branches 
ranging  in  width  from  2  to  5  milluneters,  thm  and  undulating,  but  evidently  rather  coriaceous 
in  life,  with  slightly  waved  margms.  These  branches  are  not  preserved  for  lengths  of  more 
than  a  few  centhneters,  m  which  space  they  are  observed  to  divide  only  once  or  not  at  all.  In 
some  specunens  they  appear  to  radiate  from  a  common  center,  but  as  their  proximal  parts  are 
invariably  missmg  this  supposition  can  not  be  verified. 

This  species  is  also  present  in  the  Magothy  formation  of  Maryland  and  ui  the  Black  Creek 
formation  of  North  Caroluia.  The  Maryland  remauis  are  rare  and  are  in  the  form  of  impressions 
along  which  recent  rootlets  have  commonly  penetrated,  givmg  some  specimens  the  appearance 
of  havmg  midribs.  The  North  Carolina  remams,  which  are  abundant  m  the  Black  Creek 
formation  at  certam  localities  along  Black  River,  show  considerable  carbonaceous  residuum, 
indicating  that  in  life  the  thallus  was  of  considerable  consistency. 

The  name  of  the  genus  Algites,  to  which  this  form  is  referred,  was  proposed  by  Seward  * 
for  those  fossil  remams  which  are  in  all  probabOity  those  of  algse  but  which  from  their  nature 
can  not  be  decisively  assigned  to  any  established  genus. 

Fossil  algse  are  common  at  some  geologic  horizons,  but  their  characters  are  generally  ill 
defined,  especially  when  preserved  as  hnpressions,  so  that  comparisons  with  modern  genera 
altogether  lack  certamty.  As  pointed  out  by  Seward  for  the  type  of  this  genus,  Algites 
valdensis  of  the  English  Wealden,  these  forms  suggest  various  modern  genera,  such  as  Chondrus, 
Zonaria,  Dictyota,  and  others. 

Occurrence. — Black  Creek  formation,  3  or  4  miles  northeast  of  Florence  (Ashby  place), 
Florence  County.     (Collected  by  L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museum. 

Phylum  PTEBIDOPHYTA. 

Order  FILICALES. 

Family  POLYPODIACEffi. 

Genus  ONOCLEA  Linne. 

Onoclea  inquirenda   (Hollick)  Hollick. 

Plate  II,  figures  7  and  8. 

Osmunda  obergiana  Heer,  Flora  fossilis  arctica,  vol.  3,  Abth.  2,  1874,  p.  98  (pars"),  PI.  XXVI,  fig.  9d  (non  figs.  9-9b; 

PI.  XXXII,  fig.  7a). 
Caulinites  inquircmhis  Hollick,  Bull.  Xew  York  Bot.  Garden,  vol.  3,  1904,  p.  406,  PI.  LXX,  fig.  3. 
Onoclea  inquirenda  Hollick,  The  ('retaceoiis  flora  of  southern  New  York  and  New  England:  Mon.  V.  S.  Geol.  Survey, 

vol.  50,  1907,  p.  32,  PI.  I,  figs.  1-7. 

Description. — Remains  of  this  form  appear  in  fragments  of  fertile  fronds,  not  showing 
any  of  the  laminae,  which  appears  to  be  reduced  to  short  pinnate  branches  bearing  one  or  more 

1  Seward,  A.  C.,  Wealden  flora,  pt.  2, 1S94,  p.  4. 


UPPER    CRETACEOUS    FLORA    OF    SOUTH    CAROLINA.  15 

spheroidal  bodies  which  are  interpreted  as  sori.  These  are  uniformly  1.5  millimeters  or  slightly 
less  in  diameter. 

This  species  was  origmally  described  by  Hollick  and  referred  to  the  genus  Caulinites, 
but  was  subsequently  removed  to  the  ferns  because  of  its  close  resemblance  to  the  modern 
genus  Onoclea.  Earlier  figured  forms  of  the  same  character  were  associated  by  Heer  with  his 
species  Osmunda  ohergiana  because  they  were  found  hi  the  same  beds  with  the  fronds  of  this 
species,  although  they  were  not  found  in  organic  union  with  the  fronds.  These  fruits  are 
much  more  Hke  those  of  the  modern  forms  of  Onoclea  than  they  arc  like  those  of  Osmunda, 
and  they  are  identical  with  the  type  form  of  the  species  to  which  the  writer  has  referred  them. 

The  Long  Island  and  Marthas  "\'ineyard  forms  have  these  sori  in  a  single  row  on  each  side 
of  an  axis  and  some  of  the  South  Carolina  specimens  seem  to  have  a  similar  arrangement; 
others  have  them  definitely  in  threes,  one  terminal  and  two  lateral.  This  latter  arrangement 
also  prevails  exclusively  in  the  Greenland  specimens  and  in  similar  material  from  the  Magothy 
formation  of  Maryland.  This  variation  is  of  minor  importance  and  is  mentioned  simply  because 
it  is  believed  that  the  grouping  in  threes  is  the  normal  arrangement  and  that  it  has  been  obscured 
during  fossilization  in  the  specimens  where  it  is  not  clear. 

As  here  understood,  tliis  species  ranges  from  the  Atane  beds  of  Greenland  southward  in 
the  Magothy  formation  of  Marthas  Vineyard,  Long  Island,  and  Maryland,  to  the  locality  in 
South  Carolina. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  iliddendorf, 
Chesterfield  County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Order  LYCOPODIALES. 

Family  LYCOPODIACEffi. 

Genus  LYCOPODHTM  Linne. 

Lycopodium  cretaceum  Berry. 

Plate  II,  figures  1-6. 

Lycopodium  cretaceum  Berry,  Am.  Jour.  Sci.,  Ith  eer.,  vol.  30,  1910,  pp.  275,  276,  figs,  1-6. 

Description. — These  remains  consist  of  fruiting  spikes,  which  are  common  at  the  Middendorf 
locality,  17  specimens  having  been  collected.  Spikes  loosely  imbricated,  of  modified  foliage  leaves 
or  bracts.  The  largest  spike,  which  is  nearly  complete,  is  5  centimeters  in  length  and  5  millimeters 
in  diameter,  and  is  probably  somewhat  flattened,  the  bulk  of  the  specimens  indicating  some- 
what smaller  dimensions.  Axis  stout.  Bracts  several  ranked,  peduncled,  with  a  cordate  or 
refuse  base  and  an  abruptly  narrowed  acute  recurved  apex,  with  an  entire  margin,  each  bract 
subtending  a  large  spheroidal  sporangium  which  may  possibly  be  reniform,  though  in  the 
impressions  preserved  in  the  clays  of  the  Mddendorf  member  it  appears  to  be  globular. 

Fossil  remains  of  foliage  resembling  that  of  the  modern  club  mosses  have  been  frequently 
described,  either  as  Lycopodium  or  Lj'Copodites  Brongniart,  but  the  majority  of  such  determi- 
nations lack  certainty  in  that  the}^  show  neither  anatomical  nor  fruiting  characters,  so  that  the 
present  species  is  of  great  interest  as  the  only  post-Paleozoic  fossil  known  to  the  writer  which 
is  referable  with  absolute  certainty  to  the  genus  Lycopodium.  No  remains  of  foliage  have 
been  discovered  in  these  clays  which  can  be  correlated  with  these  fruiting  spikes. 

Occurrence. — Midtlendorf  arkose  member  cf  Black  Creek  formation,  near  Middendorf,  Ches- 
terfield County.     (Collected  by  E.  W.  Berry.) 

Collections. — V.  S.  National  Museum. 
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Phylum  SPERMOPHYTA. 

Class  GYMNOSPERMiE. 

Order  CYCADALES  (,?). 

Family  CYCADACEa!  (?). 

Genus  PODOZAMITES  F.  Braun. 

PoDozAMiTEs  KxowLToxi  Berry. 

Plate  IV,  figure  5. 

Zamites  angustifolius  Eichwakl,  Lethsea  rossica,  vol.  2,  1860,  p.  39,  PI.  II,  fig.  7. 

Podozamites  angustifolius  Schimper,  Pal6ontologie  veg^tale,  vol.  2,  1872,  p.  160  (non  Schenk). 

Podozamites  angustifolius  Heer,  Flora  fossilis  arctica,  vol.  4,  Abth.  1,  1876,  p.  36,  Pis.  VII,  figs.  8-11,  and  VIII,  figs. 

2e,  5. 
Podozamites  angustifolius  Heer,  idem,  Abth.  2,  1876,  p.  45,  PI.  XXVI,  fig.  11. 
Podozamites  angustifolius  Heer,  idem,  vol.  5,  Abth.  2,  1878,  p.  22,  PI.  V,  figs,  lib,  12. 
Podozamites  angustifolius  Lesquereux,  The  Cretaceous  and  Tertiary  floras,  1883,  p.  28. 
Podozamites  angustifolius  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  27, 

PI.  I,  fig.  4. 
Podozamites  angustifolius  Newberry,  The  flora  of  the  Amboy  clays:    Mi:in.  U.  S.  Geol.  Survey,  vol.  26,  1896,'  p.  44. 

PI.  XIII,  figs.  1,  3,  4  (non  fig.  2). 
Podozamites  angustifolius  Moller,  Kgl.  Svensk.  Vetensk.  Akad.,  Handl.,  vol.  9,  1903,  PI.  I,  figs.  8-12,  17b. 
Podozamites  knowltoni  Berry,  Bull.  Torrey  Bot.  Club,  vol.  36,  1909,  p.  247. 
Podozamites  hnowltoni  Berry,  idem,  vol.  37,  1910,  p.  182. 

Description. — Leaflets  elongate,  linear-lanceolate  in  outline,  falcate  in  the  single  nearly 
complete  South  Carolina  specimen,  5  to  15  centimeters  in  length  by  0.6  to  1.3  centimeters  in 
greatest  wddth.  Base  narrowed  to  a  short  or  obsolete  petiole.  Apex  long  pointed.  Veins 
straight  and  parallel,  gradually  dying  out  as  they  are  encroached  upon  by  the  narrowang  mar- 
gins, that  is,  running  to  the  margins  and  not  converging  appreciably  toward  the  tip.  At  4 
centimeters  above  the  base  they  are  20  in  number,  and  at  2  centimeters  below  the  tip  of  the 
sjjccimen  figured  they  are  16  in  number. 

Fragments  of  the  leaf  tissue  preserved  show  that  the  leaf  was  comparatively  thick  and 
sniootli  on  one  surface,  presumably  the  upper,  -with  veins  prominent  on  the  other  surface. 
Epidermis  seems  to  be  composed  of  small  cells.  Ploles  in  a  single,  more  or  less  imperfect  row 
between  the  veins  may  represent  stomata  that  are  apparently  confined  to  the  lower  ( ?)  surface. 
The  outlines  of  the  internal  tissue  (mesophyll)  show  large  cells  longitudinally  elongated.  This 
species  is  suggestive  of  Nageiopsis  longifolia  Fontaine,  of  the  Lower  Cretaceous  of  Alaryland 
and  Virginia,  and  it  may  also  be  compared  \\-ith  a  variety  of  so-called  species  of  Podozamites 
founded  upon  detached  leaflets  of  doubtful  attribution. 

Li  1S72  Scliimpcr  referred  the  Zamites  angustifolius  of  Eichwakl  to  the  genus  Podozamites, 
overlooking  the  fact  that  four  years  earlier  Schenk  had  described  and  named  a  Podozamites 
angustifolius.  The  natural  impulse  would  be  to  dedicate  the  species  here  described  to  Eich- 
wald,  but  Eichwakl  has  already  had  a  species  of  Podozamites  named  for  him,  in  consequence  of 
which  the  name  Podozamites  hnowltoni  has  been  proposed  in  honor  of  Dr.  F.  H.  Knowlton,  of 
the  United  States  National  Museum.  This  species  has  a  wide  range,  both  geologically  and 
geographically.  It  is  common  in  the  Jurassic  of  high  latitudes  in  Russia,  Siberia,  Bornhohn, 
and  Spitzbergen,  and  it  is  found  in  the  Upper  Cretaceous  as  indistinguishable  remains  wide!3' 
distributed  m  America,  being  common  in  the  Dakota  sandstone  of  tlie  West,  the  Raritan 
formation  of  New  Jersey,  and  the  Black  Creek  formation  of  North  Carolina. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation.  Rocky  Pomt,  Sumter 
County.     (Collected  by  L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museudi. 

'  Although  the  date  on  the  title-page  of  this  work  is  1895,  it  was  not  actually  published  until  1896. 
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Order  CONIFEBALES. 

Family  TAXACE^;. 

Genus  PROTOPHYLLOCLADUS  Berry. 

Protophyllocladls  lobatus  Berry. 

Plate  II,  figures  9-13. 

Thinnfddia  sp.  nov.  Berry,  John.-;  Ilupkirs  Univ.  Circ,  new  ser.,  Xo.  7,  1907,  p.  81. 
Protopkylhcladus  lobatiis  Berry,  Bull.  Torrey  Bot.  Club,  vol.  3S,  1911,  p.  403. 

Description. — Leaves  (phylloclads)  of  large  size,  lanceolate  or  oval  in  general  outline,  either 
entire  with  crenate  margins,  rounded  apex,  and  narrowly  cuneate  base  or  compound  through 
the  development  of  opposite  lateral  lobes.  Axial  vascular  strand  very  stout  below,  becoming 
very  thin  and  finally  disappearing  by  repeated  brandling  apically.  When  the  leaves  are  lobate, 
suborcUnate  opposite  vascular  strands  form  the  axis  of  the  lobes,  and  these  also  are  generally, 
but  not  invariably,  lost  before  reacliing  the  tips  of  the  lobes  by  giving  off  innumerable  secondary 
branches.  Margins  in  all  specimens  are  rather  remotely  undulate  crenate,  and  the  tips  are  all 
rounded.  Secondaries  numerous  and  thin,  diverging  from  the  main  axis  of  the  phylloclad  or 
the  axis  of  the  lobes  at  very  acute  angles,  curving  outward,  some  simple  but  many  dichoto- 
mouslyforked,  and  a  few  several  times  forked.  Lobes  when  present  are  separated  by  cuneate, 
narrowly  rounded  sinuses  wliich  terminate  some  distance  from  the  main  axis.  The  largest 
specimen,  which  is  stiU  mcomplete  both  at  the  apex  and  at  the  base,  measures  8  centimeters 
in  length  and  5  centmieters  from  tip  to  tip  of  the  lower  lobes,  the  entire  upper  portion  meas- 
uring about  1.5  centimeters  in  width. 

These  remains  are  superficially  like  fern  fronds,  especially  m  specimens  which  are  com- 
pound, and  were  it  not  for  the  presence  in  the  Cretaceous  of  other  phyllocladus  like  remams 
with  a  demonstrated  gymnospermous  structure  (for  example,  Androvettia)  their  reference  to 
tliis  genus  would  seem  hazardous.  The  entire  specuuens  are  strikmgly  like  some  of  the  forms 
of  Proto phyllocladus  subintegrif alius  (Lesquereux)  Berry  of  the  Raritan  and  Magothy  formations, 
or  like  ProtophjUociculu^  j)'^hl'^orplius  (Lesquereux)  Berry  from  higher  western  American 
horizons,  and  even  the  compound  specuuens  have  an  unlobed  apical  portion  of  comparable 
length  which  is  also  similar  m  appearance  to  the  two  species  just  mentioned.  The  compound 
forms  are  superficially  like  Thinnfeldia  rhomboidalis  Ettingshausen,'  the  type  of  the  genus 
Thinnfeldia,' whose  systematic  position  has  been  the  occasion  of  so  much  controversy  and  which 
has  been  variously  regarded  as  a  fern,  as  a  cycad,  and  as  a  conifer.  The  present  species  shows 
important  differences,  however,  aside  from  bcmg  much  younger,  and  it  is  confidently  believed 
to  be  unrelated  to  the  various  older  Mesozoic  species  of  TMnnfeldia  wliich  have  been  described. 

It  may  also  be  compared  with  various  forms  from  the  LTpper  Cretaceous  of  Dalmatia 
discussed  at  great  length  by  Keriier,-  who  refers  them  to  the  genus  Pachypteris,  which  he 
regards  as  cycadaceous  m  nature. 

The  present  species  is  believed  to  be  closest  to  Protophyllocla/lus  subintegrif oliits,  a  species 
which  is  abundant  in  the  Atane  beds  of  Greenland,  the  Dakota  sandstone  of  Kansas  and 
Nebraska,  the  Raritan  formation  of  New  Jersey,  and  the  Magothy  formation  from  Marthas 
Vineyard  to  New  Jersey,  and  which  commonly  assumes  a  sublobate  form.  This  is  especially 
shown  m  unreported  collections  made  by  the  writer  in  the  Magothy  formation  of  New  Jersey. 
The  South  Carolina  form  is  common,  mostly  as  fragmentary  specimens,  at  Rocky  Point,  to  which 
locality  it  appears  to  be  confined  in  South  Carolina.  Regarding  the  systematic  position  the 
writer  is  confident,  despite  certain  criticisms,  that  Protophyllocladus  is  referable  to  the 
Taxacese.     The  species  is  also  found  in  the  Magothy  formation  of  Maryland. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation.  Rocky  Point,  Sumter 
County.     (Collected  by  L.  C.  Glenn,  Ward  and  Glenn,  and  E.  W.  Berry.) 

Collections. — ^U.  S.  National  Museum;  Johns  Hopkins  LTniversity. 

■  EttiiiKShausen,  C.  von,  ,\bhandl.  K.-k.  geol.  Reichsanstalt,  vol.  1,  pt.  3,  No.  3,  ISoS,  p.  2,  PI.  I,  figs.  4-7. 
3Kemer.  F.  von.  Jahrb.  K.-k.  geol.  Reichsanstalt,  vol.  45, 1S96,  p.  39. 
8069°— 14 2 
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Genus  CEPHALOTAXOSPEBMUM  Berry. 
Cephalotaxospermltm  carolinianxjm  Berry. 
Plate  III,  figure  4. 
Cephalotarospennum  rnrolinianum  Berry,  Bull.  Torrey  Bot.  Club,  vol.  37,  1910.  p.  187. 

Description. — Drupaceous  fruits,  solitary  (?),  sessile  or  with  an  extremely  short  and  stout 
peduncle,  ovoid,  somewhat  pomted  apically  and  mclined  to  become  sliglitly  cordate  below, 
consisting  of  an  outer  fleshy  layer  and  an  inner  bony  layer,  as  m  the  Cycadales  and  Gingkoales; 
its  surface  mammillated  much  as  in  Podocarpus  elongata  but  less  markedly  so.  Bony  endocarp 
ovate-acumuiate,  mimersed  in  the  apical  part  of  the  exocarp.  Evidently  the  drupaceous 
fruit  of  some  Cretaceous  member  of  the  Taxacese  which  finds  its  closest  homology  in  the  recent 
flora  in  the  fruits  of  Cephalotaxus  and  certain  species  of  Podocarpus.  These  drupes  have  the 
following  dimensions  as  preserved  in  a  much  flattened  condition:  Length  6  milluneters  to  13 
milluncters,  averaging  about  10  millimeters;  breadth  5  milluneters  to  10  millimeters,  averaguig 
about  8  millimeters;  thickness  about  .3  millimeters;  fruit  in  life  probably  almost  cii'cular  in 
cross  section.  Peduncle  short  and  stout  or  wanting.  Stone  ovate-acuminate,  lying  m  the  apical 
part  of  the  fleshy  exocarp  with  the  beaked  micropylar  end  reaching  almost  or  quite  to  the 
apex.  As  preserved  in  a  much  flattened  condition  in  the  clays,  these  fruits  tend  to  split  into 
two  parts,  disclosuig  the  bony  endocarp  or  merely  a  cast  of  its  cavity.  The  fleshy  part  of 
the  fruit  is  carbonized  and  fails  to  show  any  histological  details.  There  is  some  evidence,  or  at 
least  a  suggestion,  in  some  specimens  of  the  remams  of  a  micropylar  canal.  Away  from  the 
pointed  apex  the  exocarp  is  1  to  2  millimeters  in  thickness,  reaching  a  thickness  of  3  millimeters 
at  the  chalazal  end. 

These  fruits  are  very  abundant  at  certain  localities  in  the  Black  Creek  formation  in  North 
Carolina,  and  have  also  been  collected  in  the  extension  of  this  formation  near  Florence,  S.  C, 
and  in  the  lower  part  of  the  Eutaw  formation  in  Hale  County,  Ala. 

Fruits  referable  to  the  Taxacete  are  extremely  rare  in  the  fossil  state,  as  are  also  remains  of 
foliage  which  can  be  referred  with  certainty  to  this  family.  Both  Tumion  and  Cephalotaxopsis 
from  the  Lower  Cretaceous  of  Maryland  and  Virginia  are  founded  upon  foliage  which  seems 
referable  with  considerable  certainty  to  this  family,  and  the  same  strata  in  those  States  abound 
in  the  foliage  referred  to  the  genus  Nageiopsis,  which  seems  to  be  closely  related  to  Podocarpus, 
so  that  there  is  considerable  reason  for  expecting  to  find  Upper  Cretaceous  representatives  of  the 
family  in  this  same  general  region.  Heer'  describes  from  the  Patoot  beds  (Senonian)  of  Green- 
land a  leafy  twig  with  a  large  solitary  fruit,  which  he  calls  Cephahtaxites  insi/jnis,  an  identifi- 
cation which  Solms-Laubach-  seems  to  consider  probable.  Bertrand^  has  described  carbonized 
seeds  from  the  Aachenian  of  Tournay,  Belgium,  under  the  name  of  Vesquia  taurnaisii,  which  he 
considers,  because  of  the  arrangement  of  the  vascular  bundles,  as  intermediate  between  Tumion 
and  Cephalotaxus.  It  certainly  seems  to  be  not  without  significance  that  remains  of  this  sort 
occur  at  nearly  homotaxial  horizons  m  America,  Europe,  and  Greenland. 

None  of  the  foregoing,  however,  are  comparable  with  the  present  forms,  although  certain 
indefinite  remams  described  by  Lesquereux  as  Inolepis  sp.,*  are  remotely  suggestive  of  them. 
It  is  not  believed,  however,  that  they  are  congeneric. 

The  general  features  which  seem  to  indicate  a  closer  relation  with  Cephalotaxus  than 
with  Podocarpus  are  the  absence  of  the  thickened  peduncle  of  the  latter  and  the  presence  in  the 
same  beds  with  these  seeds  of  foliage  described  by  the  writer  as  Tumion  carolinianuin,^  which  is 
of  the  same  type  as  that  of  Cephalotaxus  and  may  not  improbably  have  been  the  foliage  of  the 
tree  which  bore  the  very  abundant  fruits  named  Cephalotaxospermum. 

1  Heer,  Oswald,  Flora  Tossilis  arctica,  vol.  7, 1883,  p.  10,  PI.  LUI,  fig.  12. 

2  Solms-Laubach,  Fossil  botany,  1891,  p.  61. 

3Bertrand,  C.  E.,  Bull.  Soc.  bot.  France,  voi.  30, 1883,  p.  293. 

<  Lesquereux,  Leo,  in  Hayden's  Ann.  Rept.  tor  1874, 1876,  p.  337,  PI.  IV,  fig.  8;  The  Cretaceous  and  Tertiary  floras,  1883,  p.  33,  PI.  I,  fig.  8. 

s  Berry,  K.  W.,  .\m.  Jour.  Sci.,  4th  ser.,  vol.  25, 1908,  pp.  382-386  figs.  1-3. 
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The  modern  genus  Cephalotaxus  Siebold  and  Zuccarini,  with  four  species,  is  confined  to 
the  China-Japan  region,  although  it  seems  evident  that  it  was  much  more  widespread  in  former 
geologic  times,  and  to  it  should  probably  be  referred  some  of  the  leafy  twigs  included  in  the 
genus  Taxites  Brongniart.  Fruits  of  three  species  of  Cephalotaxus,  apparently  identified  cor- 
rectly, are  described  by  Kinkelin '  from  the  upper  Pliocene  deposits  of  the  Main  Valley  in 
Germany. 

Occurrence. — Black  Creek  formation,  3J  miles  northeast  of  Florence  (Ashby  place),  Flor- 
ence County.     (Collected  by  L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museum. 

Family  ARAUCARIACEiE. 

Genus  ARAUCARIA  Jussieu. 

Arauc.\rl\  bl.vdexexsi.s  Berry. 

Plate  III,  figures  0  and  7. 
Araucaria  bladenensis  Berry,  Bull.  Torrey  Bot.  Club,  vol.  35,  1908,  p.  2.j5,  Pis.  XII,  XIII,  and  XIV,  fig.-.  1-3. 

•  Description. — Foliage  dense;  phyllotaxy  spiral;  leaves  decurrent,  coriaceous,  ovate- 
lanceolate,  about  1.6  by  0.8  centimeters,  the  base  rounded,  apex  thickened,  cuspidate;  veins 
immersed,  averaging  16  in  number,  straight,  parallel;  stomata  small,  in  rows  on  ventral  surface. 
Leaves  ranging  from  1  to  2.8  centimeters  in  length  l)y  0.5  to  1.2  centimeters  in  width,  averaging 
1.6  by  O.S  centimeters,  obovate  in  outUne,  with  a  broad,  rounded  base  narrowing  abruptly  and 
decurrent;  the  blade  broadest  about  one-third  of  the  distance  from  the  base,  above  which  point 
it  narrows  in  a  short  distance  to  a  thickened  cuspidate  tip;  phyllotaxy  spiral;  leaf  substance 
represented  by  a  sheet  of  lignite  about  0..5  millimeter  thick,  in  which  the  A^eins  are  immersed. 
These  veins  average  1-1  to  16  in  nimiber,  although  some  specimens  may  have  as  many  as  20. 
They  are  stout,  incurved  at  the  base  (forking  not  observed),  becoming  parallel  and  running 
directly  upward  until  they  abut  against  the  leaf  margin;  that  is,  they  are  not  convergent  toward 
the  tip  of  the  leaf.  Although  their  megascopic  appearance  is  lifelike,  their  microscopic  structure 
is  not  preserved. 

From  one  or  two  places  where  the  specimens  are  in  a  more  argillaceous  matrix  it  has  been 
possible  to  get  rather  inferior  specimens  showing  the  arrangement  and  outlines  of  the  stomata. 
These  are  broatlly  ovate  in  shape  with  very  thin  guard  cells,  at  least  when  viewed  on  the  surface. 
They  are  arranged  in  somewhat  irregular  rows  on  the  ventral  surface  of  the  leaf,  the  number 
of  rows  between  the  two  veins  being  generally  four.  Aside  from  these  facts  no  other  details 
can  be  made  out. 

This  species  is  most  remarkably  similar  to  the  recent  Araucaria  hidmilli  of  the  Australian 
region.  The  resemblance  is  even  closer  than  the  reproductions  indicate,  a  dried  herbarium 
specimen  of  the  latter  and  a  twig  of  the  former  when  preserved  as  a  brownish  impression  being 
practically  indistinguishable. 

This  resemblance  in  form,  habit,  and  stomatal  characters,  reenforced  by  the  occurrence  of 
characteristic  araucarian  cone  scales  in  the  same  beds  at  certain  localities,  renders  the  identifi- 
cation reasonably  conclusive. 

The  most  nearly  related  form  seems  to  be  Araucarites  ovatus,  described  by  HolHck^  from  the 
"Cliffwood  clay"  of  Xew  Jersey.  The  leaves  of  tliis  form  differ  merely  by  their  larger  size, 
absence  of  basal  characters,  and  much  less  pointed  tips;  in  fact,  if  the  two  were  found  in  closer 
association  or  if  in  the  abundant  material  of  Araucar'ia  hladeiwnsis  any  specimens  had  approached 
Araucarites  ovatus  in  size,  the  \vriter  would  be  disposed  to  consider  them  variants  of  a  single 
species.  As  the  case  stands,  it  seems  better  to  keep  them  distinct,  for  the  leaves  in  the  material 
from  the  southern  Coastal  Plain  are  sufficiently  and  unifonnly  different  to  be  readily  recognized, 
and  there  is  the  further  possibility  that  the  Xew  Jersey  species  may  be  more  or  less  closely  related 
to  the  modern  genus  Dammara  rather  than  Araucaria. 

1  Engelhardt,  Hermann,  and  Kinkelin,  F.,  Abhandl.  Scnckenb.  naturf.Gesell.,  toI.  29,  No.  3. 1908,  p.  IM,  PI.  XXUI,  flgs.  9-13. 
i  HoUick,  .\rthur,  Trans.  New  York  .\cad.  Sci.,  vol.  10, 1S97,  p.  12S,  PI.  XII,  flgs.  3a,  4. 
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A  European  form  wliich  must  surely  be  considered  as  a  nearly  related  congener  of  Araucaria 
hladenensis  is  Saporta's  Araucaria  toucasi,  described  from  the  Turonian  of  Beausset,  near 
Toulon,  France.^  Tliis  is  strikingly  similar  to  the  American  species  in  every  respect,  and  is 
likewise  closely  allied,  in  ajjpearance  at  least,  to  the  recent  Araucaria  hidwilU  of  Australia. 

Kerner  -  records  PacJiypliyllutn  {PagiopJiyllum)  rigidum  Saporta  and  PachyphyUum  {Pagio- 
phylhim)  arawcarmwm  Saporta  from  the  Cenomanian  of  Lesina,  an  island  in  the  Adriatic  off  the 
coast  of  Dalmatia,  both  being  originally  Jurassic  species  from  the  French  Coralhan  of  Verdun. 
Both  are  very  similar  to  the  American  species  and  are  of  about  the  same  age.  The  probable 
identity  of  Cenomaniaia  and  Corallian  species  seems  to  the  writer  extremely  doubtful,  and  in  liis 
opinion  ])oth  Kerner's  species  should  undoubtedly  be  considered  new  species  of  Ai'aucaria,  nearly 
related  to,  if  not  identical  with,  such  Cretaceous  forms  as  Araucaria  hladenensis  or  AraTicaria 
toucasi. 

The  present  species  is  exceedingly  common  in  and  characteristic  of  the  Black  Creek  formation 
in  North  Carolina.  In  South  Carolina  it  is  found  in  the  extension  of  these  beds  at  the  single 
locality  cited.  So  far  as  observed,  the  leaves  are  always  found  detached  at  this  outcrop,  indi- 
cating a  large  amount  of  maceration  and  trituration.     They  are,  however,  entirely  characteristic. 

This  species  has  also  been  found  in  the  upper  part  of  the  Tuscaloosa  formation  of  western 
Alabama,  in  the  Eutaw  formation  of  western  Georgia,  and  at  a  somewhat  younger  horizon  near 
Buena  Vista,  Ga. 

Recently  Wieland  ^  has  described  a  distinct  but  comparable  species,  Araucana  liatcJieri, 
from  the  "Ceratops  beds"  of  Wyoming. 

Occurrence. — Black  Creek  formation.  Si  miles  northeast  of  Florence  (Ashby  place),  Florence 
County.     (Collected  by  L.  W.  Stephenson.) 

Collections. — U.  S.  National  ^Museum. 

Araucaria  dari.ixgtonensis  sp.  nov. 
Plate  III,  figure  1. 

Description. — Seed  obovate  in  outUnc  with  broadly  rounded  apex,  straight  lateral  margins, 
and  somewhat  narrowed  rounded  base,  1.25  centimeters  in  length  and  0.75  centimeter  in  width 
across  the  widest  part,  0.50  centimeter  wide  at  base. 

This  sjiecies  is  based  upon  the  single  detached  seed  figured,  which  is  undoubtedly  that  of 
an  araucarian  conifer.  From  its  size  and  geologic  position  it  seems  probable  that  it  may  be 
a  seed  of  the  cone  scales  described  as  Araucaria  jejfreyi  Berry,  which  in  turn  are  probably  the 
cone  scales  of  the  leafy  twigs  described  as  Araucaria  hladenensis  Berry.  No  other  araucarian 
remains  are,  however,  associated  with  tliis  seed  at  this  locality. 

Occurrence. — Black  Creek  formation,  right  bank  of  Black  Creek,  Ih  miles  east  of  Darlington, 
DarUngton  County.     (Collected  by  L.  W.  Stephenson.) 

CoUections. — U.  S.  National  Museum. 

Araucaria  jeffreyi  Berry  (?). 
Araucaria  jeffreyi  Berry,  Bull.  Torrey  Bot.  Club,  vol.  35,  1908,  p.  258,  PL  XVI. 

Description. — Cone  scales  deciduous,  rhomboidal,  straight  sided,  thin  margined,  the  apex 
broadlv  rounded,  mth  long  central  apical  spur;  scales  divided  by  transverse  furrow  into  "  Ugule  " 
and  scale  proper;  single  seeded. 

This  species  was  based  upon  a  considerable  number  of  large  single-seeded  cone  scales 
preserved  as  impressions  and  associated  with  Araucaria  hladenensis  at  Big  Bend  and  near  the 
Atlantic  Coast  Line  Railroad  bridge  over  Black  River,  at  points  92  and  87f  miles  above  Newbern 
on  Neuse  River,  and  at  Parker  Landing  on  Tar  River,  all  localities  in  the  Black  Creek  formation 
of  North  Carolina.     The  specimens   from   Tar    River  differ  somewhat   from    the  othei-s  and 

1  Saporta,  G.  de,  Le  monde  des  plantes,  1S79,  p.  19S,  fig.  27. 

2  Kerner,  F.  von,  Jahrb.  K.-k.  geol.  Reichsanstalt,  vol.  45, 1S96,  p.  49,  PI.  IV,  flgs.  1,3. 

3  Wieland,  G.  R.,  Bull.  Geol.  Survey  South  Dakota  No.  4,  Kept,  for  190S,  1910,  p.  SO,  fig.  2. 
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approximate  more  nearly  the  shape  of  the  foliage  leaves  of  Araucarla  Uadenensis,  but  the 
scales  in  general  are  somewhat  variable,  as  indeed  they  are  from  different  positions  on  a  single 
modern  Ai-aucaria  cone,  and  it  seems  likely  that  they  all  belong  to  one  species. 

The  scales  are  rhomboidal,  the  tliin  lateral  margins  straight  to  the  point  of  greatest  width, 
then  more  or  less  roundeil,  produced  medially  into  a  long  and  narrow  point.  Tliis  point  is 
more  than  a  centimeter  long  in  two  specimens  which  still  lack  the  terminal  portion.  In  some 
specimens  the  scales  are  ob"^'"ously  divided  by  a  transverse  furrow  into  the  scale  proper  and  the 
so-called  "ligule."  They  are  all  preserved  as  impressions  with  fragments  of  lignite  representing 
the  scale  svibstance.  Except  that  they  do  not  appear  to  have  been  as  thick,  they  are  strictly 
comparable  with  the  tA^iical  scales  of  Araucarla  hidwilli.  In  general  outline  they  are  also 
comparable  with  the  scales  of  Araucaria  cookii  of  the  Eutacta  section  of  the  genus.  Seeds 
have  also  been  found  in  the  Carolina  material  at  this  level.  From  the  structure  as  disclosed 
in  the  present  impressions  it  seems  obvious  that  the  scales  were  single-seeded,  as  in  the  modern 
genus,  and,  taken  in  conjunction  ^vith  the  foliage  just  described  as  Araucaria  Uadenensis,  they 
furnish  conclusive  evidence  of  the  abundant  presence  in  the  middle  part  of  the  Cretaceous  of 
eastern  North  America  of  true  Araucariese,  thus  still  further  increasing  the  parallel  between  the 
middle  Cretaceous  floras  of  this  countrj^  and  those  of  Europe.  ^lany  remains  of  cones  and 
cone  scales  have  been  described  as  species  of  Araucariea^,  but  it  seems  scarceh'  worth  while  to 
enumerate  them  here. 

The  South  Carolina  occurrence  is  based  on  a  single  poorly  jireserved  and  doubtfulh^  tleter- 
mined  specimen.     This  species  also  occurs  in  Georgia. 

The  Georgia  material  is  neither  abundant  nor  well  preserved,  but  the  identifications  are 
unquestionable.  A  single  scale  was  collected  from  the  Eutaw  formation  at  Chimnej-  Bluff  on 
Chattahoochee  River,  where  it  was  associated  with  the  abundant  leafy  twigs  of  Araucaria 
Uadenensis  Berry.  A  single  entirely  characteristic  specimen  obtaineil  near  B\Ton,  Georgia,  is 
apparently  from  a  higher  horizon  in  the  Cretaceous. 

Araucaria  jeffreyi  is  extremely  close  to  a  form  from  the  Tnronian  of  Priesen,  Bohemia, 
described  and  named  Araucaria  frici  by  Velenovsky.' 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  ft)rmation  near  Langley,  Aiken 
County.       (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Family  BRACHYPHYLLACEffi. 

Genus  BRACHYPHYLLUM  Brongniart. 

Brachyphyllum  macrocarpum  Newlieny. 

Plate  III,  figure  2. 

Moriconia  cyclotoxon  Debey  and  Ettingshaasen,  Heer,  Flora  fossilis  arctica,  vol.  7,  1883.  PI.  LIV,  fig.  Ic  (non  Heer's 

other  figures). 
Thuites  crassus  Lesqtiereu.x,-  The  Cretaceous  and  Tertiary  floras,  1884,  p.  32. 
BrachyphyUum  crassum  Lesquereux,  Proc.  I'.  S.  Nat.  JIus.,  vol.  10,  1887,  p.  34. 
Brachyphyllum  crassum  Lesquereux,  The  flora  of  the  Dakota  group,  Mon.  U.  S.  Geol.  Suivey,  vol.  17,  1S92,  p.  32,  PI. 

II,  fig.  5  (non  Tenison-Woods,  1883)-. 
Brachyphyllum  macrocarpum,  Newberry,  MSS.  name  mentioned  in  footnote.     The  flora  of  the  Amboy  ehiys:  Mon.  U.  S. 

Geol.  Survey,  vol.  26,  1896,  p.  51. 
Brachyphyllum  sp.,  Knowlton,  Bull.  Geol.  Soc.  America,  vol.  8,  1897,  pp.  137,  140. 

Brachyphyllum  macrocarpum  Knowlton,  Bull.  I".  S.  Geol.  Survey  No.  163,  1900,  p.  29,  PI.  IV.  fig?.  5,  6. 
Brachyphyllum  macrocarpum  HoUick,  Bull.  New  York  Bot.  Garden,  vol.  3,  1904,  p.  406,  PI.  \U.  figs.  4,  5. 
Brachyphyllum  macrocarpum  Berry,  Bull.  Torrey  Bot.  Club,  vol.  32,  1905,  p.  44,  PI.  II,  fig.  9. 
Brachyphyllum  macrocarpum  B^rn,-,  idem,  vol.  33,  1908,  p.  1C8,  PI.  IX. 

Brachyphyllum.  macrocarpum.  Berry,  Mm.  Rept.  State  Geologist,  New  Jersey,  for  1905,  1906,  p.  139. 
Brachyphyllum  macrocarpum  Hollick  and  Jeffrey,  Am.  Natiu-alist,  vol.  40,  1906,  p.  200. 
Brachyphyllum  macrocarpum  Hollick.  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol. 

Survey,  vol.  50,  1907.  p.  44,  PI.  Ill,  figs.  9  and  10. 

'  In  Fri6,  ."^rchiv  naturw.Lan  '.esdurchforschung  Bohmen,  vol.  9,  No.  1,  1893,  p.  129,  text  fig.  177. 
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Description.— Stout  twdgs  wdtli  club-shaped,  primately  arranged  branches,  covered  with 
large,  tliick,  rhomboidal  squamatc,  densely  crowded,  appressed  leaves,  attached  by  practically 
thck  whole  ventral  surface.  Phyllotaxy  spiral.  Leaf  surface  more  or  less  striated,  the  strife 
converging  toward  the  obtuse  apex.     Cones  not  positively  determined. 

Brachyphyllum  is  chiefly  an  older  Mesozoic  type,  but  it  remains  abundant  tlu-ough  the 
Lower  Cretaceous,  two  species  having  been  described  from  the  Potomac  group  of  Maryland  and 
Virginia.  It  is  a  waning  tyi)e  in  the  Upper  Cretaceous,  where  it  is  represented  by  the  species 
here  discussed  and  by  a  variety  (see  p.  106)  which  persists  as  high  as  the  lower  Senonian.  It  is 
widely  distributed  and  is  recorded  from  Long  Island,  Statcn  Island,  New  Jersey,  Delaware, 
Maryland,  North  Carolina,  Georgia,  and  Alabama  ^  in  the  East  and  from  the  Dakota  sandstone 
of  Kansas  and  the  Montana  group  of  Wyoming  in  the  West.  It  is  probably  represented  in  the 
Patoot  beds  of  Greenland  by  the  material  wliich  Hcer  erroneously  refere  to  Moriconia.  Though 
it  is  not  recorded  from  Europe,  Velcnovsky  has  described  remains  from  the  Cenomanian  of  Bo- 
hemia which  appear  to  be  identical  with  the  American  representatives,  referring  them  to  the 
Jurassic  genus  Echinostrobus  of  Schimper.^  Hollick  and  Jeffrey  have  recently  shown,  from 
specimens  from  Staten  Island  with  structure  preserved,  that  this  species  is  related  to  the 
subfamily  Araucariea?. 

This  species  is  extremely  common  m  the  upper  part  of  the  Raritan  formation  at  South 
Amboy,  N.  J.,  and  in  its  eastward  extension  on  Staten  Island,  but  has  not  been  collected  from 
any  of  the  plant-bearing  horizons  of  the  lower  part  of  the  Raritan.  Newberry  describes  large 
cones  which  he  found  associated  with  these  twigs  and  which  he  thought  were  related  to  them, 
although  this  seems  improbable.  The  cones  are  poorly  preserved  and  then-  affinities  can  not 
be  made  out.  They  are  very  different  from  pre^aously  described  cones  of  Brachj-j^hyllum,  and 
the  work  of  Hollick  and  Jeffrey  would  seem  to  indicate  that  the  present  species  had  small 
cones.  The  cones  described  by  Newberry,  though  here  retained  in  the  synonymy  of  this  species, 
are  comparable  to  the  abundant  cones  from  the  older  Potomac  of  Maryland  which  are  referred 
to  the  form  genus  Abietites.  The  single  characteristic  fragment  figured  is  all  that  represents 
this  species  in  the  South  Caroliiia  Cretaceous,  but  as  it  is  common  in  homotaxial  deposits  in 
Georgia  and  Alabama  and  has  also  been  found  in  the  Black  Creek  formation  of  North  Carolina 
no  uncertainty  is  attached  to  the  identification  of  even  such  meager  material. 

Occurrence.— Middendori   arkose  member   of   Black  Creek  formation,    near  Middendorf, 
Chesterfield  County.     (Collected  by  E.  W.  Berry.) 
Collections.— U.  S.  National  Museum. 

Family  PINACEa!. 
Genus  PimJS  Linne. 
Pixrs  RAKiTANENsis  Berry. 
Pinus  sp.  Newberry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  189G,  p.  47.  PI.  IX,  figs.  5-8. 
Pinm  rantanensis  Berry,  Bull.  Torrey  Bot.  Club,  vol.  37,  1910,  p.  189. 

Description.— This  species  was  discovered  in  the  upper  part  of  the  Raritan  formation  of 
South  Amboy,  N.  J.  The  remains  consist  of  slender  leaves  in  fascicles  of  threes  and  of  poorly 
preserved  winged  seeds.  Similar  remains  occur  in  the  ]\Iagothy  formation  of  New  Jersey  and 
in  the  Black  Creek  formation  of  North  Carolina.  They  are  too  indefinite  to  have  much  strati- 
craphic  value  and  are  of  slight  botanic  interest  beyond  showing  the  presence  of  a  pinelike  form 
along  the  Upper  Cretaceous  Atlantic  coast.  In  this  connection  attention  should  be  called  to 
structural  material  of  Pinus  from  the  Raritan  formation  on  Staten  Island,  N.  Y.,  described  by 
Hollick  and  Jeffrey  =  as  Pinus  tr^iphylla,  which  may  be  identical  with  the  present  form. 

Occurrence.— iliddendori  arkose  member  of  Black  Creek  formation,  near  Mddendorf, 
Chestei-field  County.     (CoUected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

1 A  number  ot  these  records  are  unpublished.  ^    ,  ..  ,oon       n 

2  Velenovsky,  J.,  Die  Gymnospermen  der  bohraischen  Kreideformation,  188.5,  p.  16,  PI.  VI,  figs.  3,  6-8;  KvMena  6esk.5ho  cenomanu,  18S9.  p.  9, 
PI.  I.flgs.  11-19;  PI.  II,  figs.  1,3.  ,  ^.^,„  «     , 

3  Mem.  New  York  Bot.  Garden,  vol.  3, 1909,  p.  14,  Pis.  Ill,  figs.  6  and  7  (?),  and  XXII,  fig.  1. 
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Family  TAXODIEACEa;. 

Genus  SEQUOIA  Endlicher. 

Sequoia  reichexbachi  (Geinitz)  Heer.' 

Plate  IV,  figures  H. 

Araucarites  reichenbachi  Geinitz,  Characteristik  der  Schichteii  uml  Petrefakleu  des  siifhs.-bohmischeli  Kreidegebirges, 

No.  3,  1842,  p.  98,  PI.  XXIV,  fig.  4. 
Cryptomeria  prinnera  Corda,  in  Reuss,  Versteinerungen  der  boliniischeu  Kreidel'urmalion,  .Vbtli.  2.  1846,  p.  89,  PI. 

XLVIII,  figs.  1-11. 
Geinitzia  cretacea  Endlicher,  Synopsis  coniferarum,  1847,  p.  281. 

Sequcria  reichenbarhi  Heer,  Flora  fossilis  arctica,  vol.  1,  1868,  p.  83,  PI.  XLIII,  figs.  Id,  2b,  and  oa. 
Sequoia  reichenbachi  Ileer,  i.lera,  vol.  3,  1874,  pp.  77,  101,  and  126;  Pis.  XII,  figs.  7c  and  7d;  XX,  figs.  1-8;  XXVIII, 

fig.  2;  XXXIV,  fig   1;  XXXVI,  figs.  1-8;  and  XXXVII,  figs.  1  and  2. 
Sequoia  reichenbachi  Lesquereux,  The  Cretaceous  flora,  1874,  p.  51,  PI.  I,  figs.  10-lOb. 
Sequoia  reichenbachi  Heer,  Flora  fossilis  arctica,  vol.  6,  Abth.  2,  1882,  p.  .32,  PI.  XXVIII,  fig.  7. 
Sequoia  reichenbachi  Fontaine,  The  Potomac  or  younger  Mesozoic  flora:  Mou.  U.  S.  Geul.  Survey,  vol.  1.5,  1890.  p.  243, 

Pis.  CXVIII,  figs.  1  and  4,  and  CXIX,  figs.  1-5,  etc. 
Sequoia  couttsix  Hollick,  Trans.  New  York  Acad.  Sci.,  vol.  12,  1892,  p.  30,  Pi.  I,  fig.   5. 
Sequoia  reichenbachi  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p,  35.  PI.  II, 

fig.  4. 
Sequoia  reichenbachi  Hollick,  Trans.  Xew  York  Acad.  Sci.,  vol.  12,  1892,  p.  30,  PI.  I,  fig.  IS. 
Sequoia  reichenbachi  Xathorst,  in  FeUx  and  Lenk,  Beitrage  zur  Geologie  und  Paleoutologie  der  Ilej)ublik  Mexico.  1893, 

pt.  2,  no.  1. 
Sequoia  reichenbachi  Newberry,  The  flora  of  the  Aniboy  clays:  Mon.  L^.  S.  Geol.  Survey,  vol.  26,  189G,  p.  49,  PI.  IX, 

fig.  19. 
Sequoia  reichenbachi  Berry,  Bull.  New  York  Bot.  Garden,  vol.  3,  1903,  p.  59,  PL  XLVIII,  figs.  15-18. 
Sequoia  reichenbachi  Berry,  Bull.  Torrey  Bot.  Club,  vol.  31,  1904,  p.  69,  PI.  IV,  fig.  8. 
Sequoia  reichenbachi  Berry,  ilem,  vol.  32,  1905,  p.  44,  PI.  I,  fig.  3. 

Sequoia  reich-enbachi  Knowlton,  Bull.  LT.  S.  Geol.  Siu-vey,  No.  257,  1905,  p.  157,  PI.  XIV,  figs.  3-5. 
Sequoia  reichenbachi  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey, 

vol.  50,  1907,  p.  42,  Pis.  II,  fig.  40,  and  III,  figs.  4,  5. 
Sequoia  reichenbachi  Knowlton,  Smithsonian  Misc.  Coll.,  quarterly  issue,  \-ol.  4,  1907,  p.  126,  PL  XII,  figs.  7  and  8. 
?  Geinitzia  reichenbachi  Hollick  and  Jeffrey,  Mem.  New  York  Bot.  Garden,  vol.  3.  1909,  p.  38,  Pis.  V,  figs.  7-10;  VIII, 

figs.  3  and  4:  XVI,  figs.  2-4;  XVII,  figs.  1-i:  XVIII,  figs  .  1-1. 

Description. — The.  follo\\-ing  description  was  wTitten  by  Heer  in  1S6S:  "S.  ramis  elongatis, 
foliis  decurrentibus,  patentibiis,  falcato-incurvis,  rigidis,  acuminatis." 

This  species  has  a  recorded  range  on  tliis  continent  from  the  Xeoconiian  of  Mexico  to  the 
Livingston  formation  of  Montana,  being  very  abundant  at  numerous  horizons,  and  it  has  like- 
wase  been  identified  from  Greenland  and  Europe.  Many  investigators  have  hekl  that  some, 
at  least,  of  these  identifications  are  erroneous,  which  is  probable  enough,  although  the  Tertiary 
Sequoia  langsdorfii  has  an  almost  eciually  wide  range,  both  geologic  and  geographic. 

In  a  remarkable  memou-  recently  published  Hollick  and  Jeffrey-  have  described  the  anatomy 
of  some  twigs  of  the  Sequoia  reicJienbachi  type  from  the  Karitan  formation  of  Staten  Island. 
According  to  these  authors  then-  results  indicate  that  these  remains  are  Araucarian  in  their 
affinity,  a  view  which  has  been  tentatively  suggested  by  numerous  students  smce  the  days  of 
Geinitz,  who  referred  them  to  the  genus  Araucarites.  In  order  to  make  out  a  good  case  these 
authors  were  under  the  necessity  of  finding  Araucarian  characters  in  certain  associated  cone 
scales  of  the  sequoia  type,  as  these  supposed  Araucarian  twigs  are  frequently  found  with  Sequoia- 
like cones  attached  to  them.  They  refer  these  cone  scales  to  new  genera  which  they  term 
Eugeinitzia  and  Pscudogeinitzia,  although  the  evidence  for  an  Araucarian  affinity  is  m  the 
writer's  opinion  extremely  slender. 

As  might  be  expected  from  their  great  range,  fossils  of  the  Sequoia  reicJienhachi  ty])e  are  of 
slight  stratigraphic  value.  Nevertheless,  the  remains  are  very  abundant  at  the  Magothy- 
Middendorf-late  Tuscaloosa   horizon,  apparently  identical  in  character  and  commonly  cone- 

1  Only  representative  citations,  chiefly  -\merican,  of  this  widespread  and  persistent  species  are  given. 

2  Mem.  New  York  Bot.  Garden,  vol.  3,  1909,  p.  3S,  PI.  V  et  seq. 
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bearing,  the  cones  being  small  ])rolate  spheroids  consisting  of  relatively  few  peltate  umbilicate, 
seqiioia-like  scales. 

This  species  is  confined  to  the  Middendorf  locaUty  in  South  Carolina,  where  it  is  excessively 
abundant  and  commonly  cone-bearing.  Sequoia  twigs  are  very  resistant  to  maceration  and 
are  in  many  places  about  the  last  vegetable  remains  to  disintegrate  in  marine  waters;  never- 
theless, the  excellent  preservation  at  Middendorf  of  leafy  branches  of  large  size  with  cones 
attached  indicates  quiet  water  and  nearness  to  place  of  growth.  The  species  is  rare  in  the 
Earitan  formation  but  common  in  later  Upper  Cretaceous  outcrops  in  New  Jersey,  Delaware, 
Maryland,  North  Carohna,  Georgia,  and  Alabama. 

Occurrence. — Middendorf  arkoso  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Genus  CUNNINGHAMITE  S  PresL 
Cx^NNiNGiiAMiTES  ELEGANS   (Corda)  Endlicher. 

0!/?iJtmg'/(amMi  cZf^ans  Corda.  ill  Reiiss,  Versteinerungen  der  liolimisciii-n    Kreidefcirmation,    pt.    2,    1846,    p.    !)3,    PL 

XLIX,  figs  29-31. 
Cunninghamites  elegans  (Corda)  Endlicher,  Synopsis  Coiiit'erarum,  1S47,  p.  305. 
Cunninghamites  elegans  Heer,  Die  Flora  von  Moletein  in  Miihren,  1869,  p.  12,  PI.  I,  fig.  14. 
Cunninghamites  elegans  Schimper,  Pal^ontologie  vegetale,  voL  2,  1870,  p.  259. 
Cunninghamites  squamosus  Hosius  and  Von  der  Marck  (non  Ileer),  Die  Flora  der  Westfalischen    Kreideformation, 

PateontograpMca,  voL  26,  1880,  p.  179,  PI.  XXXVII,  figs.  137,  138. 
Cunninghamites  squamosus  var.  densifoUa  Ilosins  and  Von  der  Marck,  idem,  figs.  139-141. 
Cunninghamites  squamosus  var.  linearis  Ilosius  and  Von  der  Marck,  idem,  p.  180,  fig.  142. 
Cunninghamites  elegans  Heer,  Flora  fossilis  arctica,  vol.  7,  1883,  p.  17,  PI.  LIII,  fig.  1. 
Cunninghamia  elegans  Velenovsky,  Die  G>-mnospermen  der  bohmischen  Kreideformation,  1885,  p.  14,  PI.  IV,  fig.  5; 

PI.  V,  figs.  1,  7;  PI.  VI,  fig.  5. 
Cunninghamites  elegans  Hosius  and  Von  der  Marck,  Nachtrag,  Palseontographica,  vol.  31,  1885,  p.  227. 
Cunninghamia  elegans  Velenovsky,  Sitzungsber.  K.  bohmischen  Gesell.,  1886,  1887,  p,  634,  figs.  1-5. 
Cunninghamia  elegans  Kerner,  Jahrb.  K.-k.  geol.  Reichsanstalt,  vol.  45,  1896,  pt.  1,  PI.  IV,  fig.  4. 
Cunninghamites  elegans  Newberry,  The  flora  of  the  Amboy  clays:  Hon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  48,  PL  V. 

flgs.  1-7. 
Cunninghamites  elegans  HolUck,  Trans.  New  York  Acad.  Sci.,  vol.  16,  1897,  p.  129,  PI.  XI,  fig.  2. 
Cunninghamites  (?)  sp.,  Knowlton,  Bull.  U.  S.  Geol.  Survey  No.  163,  1900,  p.  29,  PL  V,  fig.  3. 
Cunninghamites  elegans  (?)  Fliche,  Bull.  Soc.  sci.  Nancy,  1900,  p.  10,  PL  I,  fig.  1. 
Cunninghamites  elegans  Hollick,  Bull.  New  York  Bot.  Garden,  vol.  2,  1902,  p.  402,  11.  XLI,  fig.  11. 
Cunninghamites  elegans  Berry,  idem,  vol.  3,  1903,  p.  64. 

Cunnin^/hamites  elegans  Zeiller,  Aunales  des  mines,  March,  1905,  p.  15,  PL  VII,  fig.  4. 
Cunninghamites  elegans  Knowlton,  Bull.  V.  S.  Geol.  Survey  No.  257,  1905,  p.  135,  PL  XV.  fig.  1. 
Cunninghamites  elegans  Hollick,  Hon.  U.  S.  Geol.  Survey,  vol.  50,  1907,  p.  41,  PL  III,  fig.  1. 
Cunninghamites  elegans  Berry,  Bull.  Torrey  Bot.  Club,  A'ol.  31,  1904,  p.  70,  PL  III,  figs.  7-9,  11. 

Description. — The  following  is  the  description  by  Corda  in  1846: 

C.  ramis  gracilibus  teretibus,  pulvinulis  foliorumr  homboideo-he.xagonis,  longitudinaliter  carinatis;  cicatricibus 
termiualibus  oblique-transversis;  foliis  hamato-arrectis,  attenuatis,  integerrimus,  acutis,  medio  nervo  tenui  simpUci. 

The  type  locality  for  this  handsome  species  was  the  "  TJntern  Quader  von  Masseno  hei  Schlan 
in  Bolun."  Since  its  description  by  Corda  it  has  been  recorded  from  a  number  of  European 
and  American  locahties.  Abroad  it  is  found  from  the  Cenomanian  t o  the  Emscherian  in  Bohemia, 
Moravia,  Westphalia,  Dahnatia,  and  Bulgaria.  In  America  it  occurs  in  the  Magothy  formation 
from  Marthas  Vineyard  to  New  Jei-sey,  ranging  northward  to  the  Patoot  beds  of  Greenland. 
In  the  West  it  has  been  found  in  the  Montana  group,  both  in  Montana  and  in  Wyoming,  Excep- 
tionally large  forms  of  this  species  are  abundant  in  the  ujipor  beds  of  Black  Creek  formation  of 
North  Carohna,  and  the  species  is  also  present  at  a  somewluxt  higher  Upper  Cretaceous  horizon 
near  Byron,  Ga.  Abroad  the  species  has  been  recorded  by  Schenk  from  the  Urgonian  and  by 
Fliche  from  the  Barremian,  but  the  latter  identification  is  probably  and  the  former  almost 
certainly  incorrect. 
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The  South  Carolina  material  is  scanty  and  fragmentary.  It  comes  from  the  Rocky  Point 
locality  and  is  queried  because  the  ferruginous  replacement  renders  the  identification  uncertain. 
The  remains  are  those  of  long,  rather  slender,  curved  leaves  of  tlie  Cunningha mites  elegans 
tyi^e,  the  single  specimen  and  its  counterpart  representing  the  distal  portion  of  a  twig  about 
the  normal  size  for  this  species  but  somewhat  smaller  than  the  specimens  from  the  Black  Creek 
formation  of  North  Carolina. 

The  genus  Cunninghamites  was  proposed  in  1838  by  Presl '  in  Sternberg's  great  work,  and 
Cunninghamifes  oxycedrus  from  the  Quader  of  Niedorschoena  in  Saxony  was  designated  the 
type  by  Brongniart  ^  in  1849.  Several  fossil  species  of  Cunninghamites  have  been  described, 
and  recently  structural  material  of  a  cone  very  close  to  tliat  of  the  existing  Cunninghamia  has 
been  described  ^  from  the  Upper  Cretaceous  of  Japan.  The  existing  species  of  Cunninghamia, 
two  in  number,  inhabit  the  subtroj)ical  uplands  of  the  Orient. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation.  Rocky  Point,  Sumter 
County.     (Collected  by  L.  F.  Ward  and  L.  C.  Cdenn.) 

Collections. — U.  S.  National  Museum. 

Family  CUPRESSEACEa;. 

Genus  WIDDRINGTONITES  Endlicher. 

WiDDKixGTOXiTES  suBTiLi.s  Ileer. 

Plate  11,  figures  14-17. 

Widdringtonites  subtilis  Heer,  Flora  fossilis  arctica,  vol.  3,  Abth.  2,  1874,  p.  101,  PI.  XXVIII,  fig.  1,  b. 
Widdringtonites  subtilis  Heer,  idem,  vol.  6,  Abth.  2,  1882,  Pis.  VII,  figs.  13  and  14,  and  XXVIII,  fig.  4,  b. 
Widdringtonites  subtilis  Newberry,  The  flora  of  the  Ainboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  2G,  1896,  p.  57,  PI.  X, 

figs.  2-4. 
Widdringtonites  reichii  Hollick,  Annals  New  York  Acad.  Sci.,  vol.  11,  1898,  p.  58,  PI.  Ill,  fig.  8. 
Widdringtonites  subtilis  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol. 

Survey,  vol.  .50,  1907,  p.  45,  PI.  IV,  figs.  2-5. 
Widdringtonites  reichii  Berry,  Johns  Hopkins  Univ.  Circ,  new  ser,,  No.  7,  p.  81,  1907, 
Widdringtonites  subtilis  Berry,  Bull,  Torrey  Bot.  Club,  vol.  39,  1912,  pp.  341-348,  Pis.  XXIV,  XXV. 

Description. — Tliis  species  was  described  from  the  Atane  beds  of  Greenland  by  Heer  in 
1874.  His  material  was,  however,  extremely  limited.  Subsequently  it  was  found  in  consid- 
.erable  abundance  in  the  Raritan  formation  of  New  Jersey  and  stiU  more  recently  HoUick  has 
recorded  it  fi-om  Marthas  Vineyard  and  Block  Island  (^lagothy  formation) .  It  may  be  questioned 
if  some  of  the  coniferous  material  described  by  Yelenovsky  from  the  Bohemian  Cretaceous 
under  other  names  should  not  be  compared  with  tlie  present  form.  It  is  even  more  slender 
than  Widdringtonites  reichii,  with  much  shorter  twigs,  wliich  have  the  appearance  of  having 
been  somewhat  lax  in  habit.  The  leaves  are  usually  more  elongated,  close  set,  and  appressed, 
narrowly  lanceolate,  straight  and  scalehke;  they  are  said  by  Heer  to  be  somewhat  spread  and 
falcate  proximad.  Remains  of  this  latter  sort  occur  in  the  Tuscaloosa  formation  of  Alabama 
and  the  Magothy  formation  of  Maryland. 

Newberry  mentions  a  vague  cone  about  1  centimeter  in  diameter  as  included  in  the  Raritan 
material.  The  writer  has  not  seen  tliis  specimen  but  has  found  a  number  of  poorly  preserved 
detached  cones  among  the  abundant  remains  of  tliis  species  in  the  Cretaceous  beds  of  South 
Carolina  and  a  number  of  specimens  with  attached  cones  fi-om  the  Tuscaloosa  formation  in 
western  Alabama,  where  tliis  species  is  exceedingly  abundant  at  certain  localities.  These 
cones  are  terminal,  roughly  spheroidal  in  outline,  and  apparently  consist  of  four  thick  scales 
with  wide  blunt  tips  and  somewhat  extended  bases.  They  are  closely  comparable  to  the  cones 
from  the  Cretaceous  of  eastern  Europe  ascribed  to  Widdringtonites  reichii  by  Yelenovsky  and 
Krasscr.     (See  PL  II,  figs.  IS  and  19.)     These  authors  refer  this  form  directly  to  tlie  genus 


1  Sternberg,  Kaspar,  Flora  der  Vorwelt,  vol.  2,  Nos.  7  and  8, 1.S3S,  p.  203. 

2  Brongniart,  Tableau.  1S49,  p.  6S. 

3  Slopes  and  Fujii,  Phil.  Tran.s.  Roy.  £oc.  London,  vol.  201  B,  1910. 
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Widdringtonia,  and  it  would  seem  that  the  cones  attached  to  the  Alabama  specimens  of  Wid- 
dnngtonites  subtilis  conchisively  demonstrate  its  relationsliip  with  some  of  the  modern  species 
included  in  the  genus  CalUtris  by  Eicliler. 

Occurrence. — IMiddendorf  arkose  member   of   Black  Creek  formation,    near  Middendorf, 
Chesterfield  County;  Rocky  Point,  Sumter  County.     (Collected  by  E.  W.  Berry.) 
Collections. — U.  S.  National  Museum. 

Genus  MORICONIA  Debey  and  Ettingshausen. 

MoRicoNiA  AMERICANA  Berry. 

Plate  VII,  figures  1-4. 

Moriconin  q/doto.wn  Berry,  BulL  New  York  Bot.  Garden,  vol.  3,  1903,  p.  65,  Pis.  XIJII,  fig.  4,  and  XLVIII,  figs.  1-4 

(non  Debey  and  Ettingshausen). 
Morironia  cycloloxon  Berry,  Bull.  Torrey  Bot.  Club,  vol.  31.  1904.  p.  70;  vol.  33,  1906,  pp.  165-167. 
Moriconia  americann  Berry,  idem,  vol.  37,  1910,  pp.  20,  ISG. 

Description. — Leafy  twigs,  apparently  deciduous  m  habit,  bifacial,  pliylloclad-like,  consist- 
ing of  cyclically  arranged  reduced  leaves.  Along  the  main  axis  on  each  flat  face  of  the  branch 
these  leaves  are  relatively  and  closely  appressed,  \\dth  a  narrow  base  and  a  broad  semicircular 
apex.  The  corresponding  lateral  pairsof  leaves  are  thin  and  pomted  and  transversely  compressed. 
In  the  axis  of  each  of  these  marginal  leaves  is  a  reduced  branch  flattened  in  the  same  plane  as  the 
main  branch,  so  that  the  whole  arrangement  is  strictly  opposite  and  distichous.  These  reduced 
lateral  branches  have  leaves  of  the  same  character  and  arrangement  as  those  of  the  main  branch. 
The  bifacial  leaves  are,  however,  somewhat  smaller  and  blunter  and  the  margmal  leaves  are 
broader  and  less  acute.  In  a  short  distance  they  become  smaller  distad,  generally  not  more 
than  five  or  sLx  pairs  being  required  to  complete  the  blunt  lateral  reduced  twigs.  The  main 
vascular  axis  is  stout  and  in  some  specimens  a  vascular  axis  can  be  made  out  in  the  lateral 
branches.  The  leaves  do  not  show  any  veins.  The  texture  was  apparently  coriaceous,  but 
from  the  appearance  of  the  majority  of  specimens  the  leaves  were  thin.  No  structural  material 
or  indications  of  fruits  or  fruiting  characters  have  been  discovered.  Tins  species,  formerly 
confused  with  Moriconia  cydotoxon  of  Debey  and  Ettingshausen,  differs  from  the  latter,  which 
is  the  type  and  only  other  known  species  of  the  genus,  in  being  more  phylloclad-like  and  strictly 
comparable  to  a  cuprcssineous  genus  like  Libocedrus.  It  is  also  about  twice  as  large,  the  lateral 
twigs  are  more  reduced,  and  the  main  axis  is  invariably  leafy.  It  differs  also  in  its  geologic 
range,  the  two  species  not  being  anywhere  contemporaneous  in  America,  although  the  type  in 
Europe  extends  as  high  as  the  later  larger  form  of  America. 

Superficially  these  remains  closely  resemble  fragments  of  fern  fronds.  In  fact,  Debey,  the 
original  iliscoverer,  always  insisted  that  they  were  ferns  and  Heer  described  the  earliest  collected 
and  poorly  preserved  remains  from  Greenland  as  a  species  of  Pecopteris.  There  can  be  no 
doubt,  however,  of  theii-  gymnospermous  natui'e.  For  stratigraphic  determinations  they  are 
one  of  the  most  characteristic  fossil  plants  luiown,  as  the  geometrically  arranged  outlines  of  the 
leaves  is  recognizable  with  certainty  in  the  smallest  fragment. 

They  are  strikingly  like  the  curious  genus  Androvettia,  which  was  recently  described  by 
Hollick  and  Jefi:rey  *  and  referred  by  them  to  the  Ai-aucariew,  although  Moriconia  has,  on  the 
evidence  of  the  foliar  charactei-s,  been  invariably  referred  to  the  Cupressincoe.  The  present 
species  is  common  at  the  IMidtlendorf  locality  in  South  Carolina  and  is  a  characteristic  post- 
Raritan  species  in  the  Atlantic  Coastal  Plain,  havmg  been  recorded  by  the  wTiter  from  numerous 
localities  in  the  Magothy  formation  of  New  Jersey,  Delaware,  and  Maryland,  and  from  the 
Black  Creek  formation  in  North  Carolina.  Moriconia  cydotoxon,  the  type  of  the  genus,  is 
confined  to  the  Raritan  in  this  country,  although  it  is  found  in  both  the  Atane  and  Patoot 
beds  of  western  Greenland  and  came  origmally  from  the  Senonian  of  Prussia. 

Occurrence.— Middendorf  arkose  member  of  the  Black  Creek  formation,  near  Midilendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  iluseum. 

1  HolUck,  Arthur,  and  Jeflre.v,  E.  C,  Mem.  New  York  Bot.  Garden,  vol.  3,  1909,  p.  22,  PI.  Ill,  figs.  1-5,  etc. 
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CONIFERffi  INCEBT^  SEDIS. 

Genus  STBOBILITES  Lindley  and  Hutton. 

Strobilites  axceps  sp.  nov. 

Plate  III,  figures. 

Description. — C'one  a  prolate  spheroid  in  shape,  about  3  to  4  centimeters  in  length  by  2.4 

centimeters  in  diameter,  made  up  of  spkally  arranged,  rather  thick,  flat,  obovate  scales.     The 

condition  of  preservation  of  these  cones,  of  wliich  two  were  collected,  is  such  that  their  generic 

or  even  tribal  affinity  can  not  be  determined;   hence  they  are  referred  to  the  comprehensive 

form  genus  Strobilites.     They  are  not  of  the  Sequoia  or  Widdringtonia  type  and  resemble 

certam  cones  of  the  Pinus  more  than  they  do  any  of  the  other  coniferous  genera  represented  by 

foUage  in  the  South  Carohna  Cretaceous.     They  are  similar  to  the  much  more  elongated  cones 

from  the  Lower  Cretaceous  of  the  Atlantic  Coastal  Plain,  which  have  been  referred  to  the  form 

genus  Abietites,  and  are  not  at  all  like  the  assorted  conelike  remams  described  by  Hollick  and 

Jeffrey  from  the  Raritan  formation  as  forms  of  Strobilites.     As  reganls  size  the  South  Carolma 

cones  are  comparable  to  Strohilites  inquirendus  Hollick  from  the  Magothy  formation  of  New 

Jersey,  but  the  preservation  of  the  latter  is  so  poor  that  the  specimens  are  almost  valueless. 

A  comparison  wluch  is  entitled  to  some  weight  may  bo  made  with  the  cones  described  by 
Ettingshausen  from  the  Upper  Cretaceous  of  Saxony  and  itientified  as  Cunninghamites  steriir- 
bergii}  Wliatever  may  be  the  true  botanic  affinity  of  these  fossils,  they  are  almost  certainly 
cogeneric  with  those  from  South  Carolina  with  which  they  are  in  close  agreement. 

Occurrence. — Black  Creek  formation,  right  bank  of  Black  Creek,  1 J  miles  east  of  Darlington, 
Darlington  County.    "(Collected  l>y  L.  W.  Stephenson.) 
Collections. — U.  S.  National  Museum. 

Genus  HETEROLEPIS  gen.  nov. 

Heterolepis  cretaceus  sp.  nov. 

Plate  III,  figures. 

Description. — Cone  scale  of  large  size,  about  3  centimeters  in  length,  with  a  stout,  woody 

axis  5  millimeters  wide  at  the  base  and  1.3  centimeters  wide  where  it  expands  to  form  a  bosslike, 

slightly  umbilicate  tip  which  is  evenly  rounded, forming  a  right  angle  with  the  axis; in  outline 

almost  circular,  with  a  slightly  irregular  striated  margin,  1.7  centimeters  in  diameter. 

This  species  is  based  upon  the  smgle  specimen  figured,  which  is  so  characteristic  that  it  is 
likely  to  be  a  valuable  stratigraphic  fossil,  although  its  botanic  affinity  can  not  be  determined. 
It  may  be  cycadaceous  or  it  may  belong  to  a  large-coned  species  comparable  with  the  remains 
commonly  referred  to  .Sequoia  or  Gemitzia. 

Occurrence. — Middemlorf  arkose  member  of  Black  Creek  formation,  Rocky  Point,  Sumter 
County.     (Collected  by  L.  C.  Glenn.) 

Collections. — U.  S.  National  Museum. 

Class   ANGIOSPERMiE. 

Subclass  MONOCOTYLEDON.^;. 

Order  NAIAD  ALES. 

Family  NAIADACE^ffl. 

Genus  POTAMOGETON  Linne. 

POTAMOGETOX    MIDDENDORFEXSIS    sp.    noV. 

Plate  IV,  figure  (i. 

Description. — Leaves  of  small  size,  entire,  obovate  lanceolate  or  spatulate  in  outlme,  about 
4  centimeters  in  length  by  1.45  centimeters  in  greatest  wadth,  wliich  is  in  the  apical  half  of  the 
leaf.     Petiole  short  and  broad.     Venation  fine,  immersed,  aerodrome. 

I  Ettingshausen,  C.  von,  Die  Kreideflora  von  Niederschoena  in  Sachsen,  1867,  p.  12,  PI.  I,  figs.  4-6. 
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This  species  is  based  upon  the  single  specimen  figured  and  its  counterpart,  wiiich  may  be 
interpreted  as  the  remams  of  two  leaves  in  juxtaposition  or  of  a  single  leaf  in  which  the  upper 
and  lower  cuticle  has  parted  company.  The  latter  appears  to  be  the  most  reasonable  explana- 
tion. The  species  Avas  evidently  acpiatic,  and  it  is  very  close  to  certain  modern  species  in  this 
genus.  It  also  suggests  the  genus  Pistia,  of  which  a  typical  species  is  common  in  the  Black 
Creek  formation  of  North  Carolina.  It  is  quite  distmct  from  the  latter,  however,  and  seems 
to  be  an  immersed  leaf  of  a  Potamogeton  in  the  sum  of  its  characters. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chestei-field  County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Order  POALES. 

Faniily  POACEai. 

Genus  ABUNDO  Liime. 

Aeundo  grcenlandica  Heer  (?)■ 

Plate  IV,  fiijure  7. 

Arundo  grcenlandica  Heer,  Flora  fossilis  arctica,  vol.  3,  Abth.  2,  1874,  p.  104,  PI.  XXVIII,  figs.  8-11. 
Arundo  grxnlandica  Heer,  idem,  vol.  6,  Abth.  2,  1882,  p.  57,  PI.  XVII,  fig.  10. 
Arundo  grcenlandica  Heer,  idem,  vol.  7,  1883,  p.  18,  PL  LIV,  figs.  1-3. 

Description. — Fragments  of  long,  luiear,  pouited  leaves,  about  2.5  centimeters  in  greatest 
width.  Primaries  numerous,  parallel,  fine,  about  2. .5  millimeters  apart,  separated  by  numerous 
very  fine  parallel  secondaries;  the  central  primary  apparently  somewhat  enlarged  to  form  a 
midrib. 

In  the  Greenland  material  this  species  mcluded  cuhns  as  well  as  leaf  fragments.  The 
South  Carolina  material  is  queried  because  it  difl^ers  from  the  type  m  having  a  midrib,  which  is 
not,  however,  so  promment  a  feature  as  the  drawings  indicate,  having  been  accentuated  by  the 
method  of  preservation,  replacement  by  ii'on  oxide.  It  may  be  compared  with  various  described 
fragments  of  monocotyledonous  leaves  referred  to  this  genus  and  to  Phragmites  and  a  variety 
of  other  genera  of  the  Poales.  There  is  the  further  possibility  that  these  remams  may  represent 
fragments  of  the  rays  of  some  palm.  They  are  of  slight  botanic  interest  but  are  present  in 
well-marked  specimens  at  the  Rocky  Point  locality  and  may  be  found  to  possess  considerable 
stratigraphic  value. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  fonnation,  Rocky  Point,  Sumter 
County.     (Collected  by  L.  C.  Glenn.) 

Collections. — L  .  S.  National  Museum. 

Genus  PHRAGMITES  Trinius. 

Phragmites  prattii  Berry. 

Pliragmites  sp.  Berry,  Bull.  Torrey  Bnt.  Club,  vol.  34,  1907,  p.  190,  PI.  XI,  fig.  5. 
Phragmiles  prattii  Heny ,  idem,  vol.  37,  I9I0,  p.  191. 

Description. — Parallel-veined,  monocotyledonous  leaf  fragments,  mdicating  grasslike  leaves 
1  centimeter  or  more  m  width,  having  about  ten  equal  parallel  veins  and  a  few  fine  transverse 
veinlets.     Leaf  substance  thin. 

This  species  is  strictly  comparable  with  a  large  number  of  fossils  that  have  been  referred 
to  Phragmites,  which  must  be  regarded  as  purely  a  form  genus  for  the  reception  of  fragments 
of  the  leaves  of  grasses  or  sedges.  The  present  species,  which  has  been  detected  at  a  number 
of  localities  in  the  Black  Creek  formation  of  North  Carolina,  has  been  collected  only  at  the 
Rocky  Pomt  locality  in  South  Carolma,  where  small  fragments  are  common.  It  occurs  also  in 
the  basal  beds  of  the  Eutaw  formation  along  Chattahoochee  River. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation.  Rocky  Pomt,  Sumter 
County.     (Collected  by  L.  F.  Ward  and  L.  C.  Glenn.) 

Cdlections. — U.  S.  National  Museum. 
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Family  CYPERACEiE. 

Genus  CAKEX  Linne. 

C.AREX    CLARKII    BciTy. 

CarexclarUi  Berry,  Am.  Naturalist,  vol.  39,  1905,  p.  347,  fig.  1. 

Carex  clarlcii  Berrj',  Ann.  Kept.  Stale  Geologist  New  Jersey  for  1905,  1901),  pp.  138-141. 

Carex  clarlcii  Berry,  Bull.  Torrey  Bot.  Club,  vol.  33,  1906,  p.  1G9. 

Carex  clarlcii 'Beny,  Johns  Hopkins  Univ.  Circ,  new  ser.,  1907,  No.  7,  p.  SI. 

Description. — Leaf  fragments,  the  largest  being  6  centimeters  in  length,  varying  in  width 
from  1.5  millimeters  to  4  millimeters,  averagmg  between  2  millimeters  and  3  millimeters,  slightly 
keeled,  becoming  t  bicker  and  narrower  proximad.  Midrib  moderately  prominent.  Lateral  veins, 
which  are  parallel  with  it,  very  fine  and  scarcely  discernible  except  in  the  larger  specimens. 

In  common  with  other  fossil  remains  of  grasses  and  sedges  this  species  has  no  botanic 
value  except  as  an  indication  of  the  presence  of  plants  of  these  families.  It  has,  however,  like 
so  many  fossils  of  vague  botanic  aihnities,  considerable  stratigraphic  value,  as  it  is  found  to 
characterize  the  Magothy  formation  at  a  large  number  of  outcrops  from  New  Jersey  to  ilary- 
land.  The  South  Carolina  remains  are  not  abundant  and  are  confined  to  the  Rocky  Point 
locaUty. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  Rocky  Point,  Sumter 
County.     (Collected  by  L.  C.  Glenn.) 

Collections. — U.  S.  National  iluseum. 

Order  ARECALES. 

Family  PALM.a:. 

Genus  SABALITES  Saporta. 

Sabalites  c.arolixexsis  sp.  nov. 

Plates  Y  and  VI. 

Description. — A  fan  palm  with  very  large  flabellate  leaves.  Rays  numerous,  keeled 
proximad,  becoming  nearly  flat  distad,  idtimately  splittmg  more  or  less.  Petiole  not  pre- 
served m  any  of  the  collected  material,  which  includes  abundant  but  fragmentary  specimens. 
Primaries  stout  and  prominent,  as  much  as  1.2  centimeters  apart  in  the  largest  specimen. 
Secondaries  usually  seven  in  number  between  each  pan*  of  primaries,  with  which  they  are 
approximately  parallel;  thin,  coimected  by  numerous  ill  defined  cross  veinlets. 

This  was  evidently  a  very  large  Sabal-like  leaf,  of  which  the  largest  collected  specimens 
are  those  figured.  All  the  material  comes  from  the  single  locality  near  Langley,  though  very 
small  fragments  of  what  appears  to  belong  to  a  palm  have  been  detected  at  several  other  locali- 
ties in  the  South  Carolma  Cretaceous.  These  may  represent  this  species,  but  they  are  too 
unrepresentatiA'e  to  be  even  tentatively  identified  with  it. 

The  enormous  number  of  existing  palms,  which  includes  considerably  more  than  one 
thousand  species,  is  about  ecpially  divided  between  the  oriental  and  occidental  tropics,  with 
many  monotypic  genera,  showmg  well  the  marked  effects  of  geographic  distribution  and  isola- 
tion on  the  formation  of  species.  There  are  no  outlyuig  forms,  the  highest  northern  latitude 
reached  being  about  43°  in  Europe  and  the  highest  southern  latitude  about  45°  in  New  Zealand. 

Lesquereux  writing  m  1878  '  records  fossil  palms  in  52°  north  latitude  in  both  America 
and  Europe.  Smce  then  remams  have  been  described  from  as  far  north  as  80°  (Grinnell  Land, 
Spitzbergen),  and  two  fine  species  are  recorded  from  the  earlier  Tertiary  of  Greenland  (latitude 
70°).  A  variety  of  Paleozoic  remams  has  been  referred  to  the  Palmse,  these  remams  ranging 
in  their  botanic  affinities  from  Stigmaria  trunks  to  Cordaitean  leaves  and  fruits.  The  nature 
of  the  latter  was  first  rightly  conjectured  by  Brongniart  in  1828.  With  the  marvelous  mcrease, 
duruig  the  last  25  years,  in  knowledge  of  the  vegetation  of  the  Paleo.'ioic,  it  can  now  be  posi- 
tively afiirmed  that  palms  are  unknown  from  pre-Mesozoic  formations. 

1  The  Tertiary  flora,  1S7S,  p.  109. 
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Stenzel,  who  has  recently  monographed  '  the  fossil  palm  wood  of  the  world,  finds  the 
oldest  known  wood  to  come  from  the  Turonian  of  France  (one  species),  the  succeeding  Senonian 
terrane  yielding  six  species.  At  the  beginning  of  the  Tertiary  period  the  species  became 
numerous. 

Undoubted  remains  of  palm  leaves  occur  somewhat  earUer,  the  middle  part  of  the 
Cretaceous,  in  the  light  of  present  knowledge,  marking  the  introduction  of  the  ty^)e.  The 
Cenomanian  of  Europe  has  furnished  undoubted  palm  leaves  (upper  Cenomanian  of  Tiefenfurth 
in  Silesia),  and  Stur  ^  has  described  fruit  from  that  horizon  in  Bohemia.  Fhche  has  described 
three  species  in  two  genera  from  a  similar  horizon  in  France.^  The  Senonian  deposits  show 
species  in  a  variety  of  genera.  It  is  in  the  Tertiary,  however,  that  palms  become  greatly  devel- 
oj^ed  and  widespread,  and  the  numerous  species  found  on  evidence  afforded  by  stems,  leaves, 
petioles,  fruits,  and  even  flowers  are  referable  to  a  large  number  of  genera  (Geonoma,  Manicaria, 
Calamopsis,  Thrinax,  Phoenix,  Nipa,  Chamjerops,  Oreodoxites,  Sabal,  Iriartea,  Latanites,  and 
the  like).  In  this  country  the  earliest  known  remains  are  those  small  fragments  of  striated 
leaves,  of  a  rather  doubtful  nature,  wliich  Lesquereux  described  ^  as  Flabellaria  minima  from 
the  Dakota  sandstone.^ 

The  Montana  group  of  Senonian  age  has  furnished  Knowlton  '  with  the  undoubted  remains 
of  a  large  palmetto-hke  form  (Sabalites),'  and  the  Laramie  formation  furnishes  a  number  of 
species,  some  of  which,  represented  by  both  leaves  and  fruit,  continue  into  the  Eocene. 

The  present  species  may  be  compared  with  Sabalites  magofhiensis  Berry,'  which  is  found 
in  the  Magothy  formation  from  Raritan  Buy  in  New  Jersey  to  Severn  River  in  Maryland.  The 
two  species  are  entirely  (Ustinct,  however,  and  the  South  Carolina  form  is  mucli  better  cliarac- 
terized  and  represented  by  more  complete  material. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Langley,  Aiken 
County.     (Collected  by  Earle  Sloan,  E.  W.  Berry,  and  L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museum. 

Subclass  DICOTYLEDONiK 
Order  JUGLANDALES. 
Family  JUG  LAND  ACE  .5; . 
Genus  JUGLANS  Lmne. 
JUGLANS    ARCTICA    HeCr. 
Plate  VIII,  figures  1  and  2. 

Jughins  nrctica  Heer,   Flora  fnssilis  arotica,  vol.  6,  Abtli,  2,  1882,  p.  71,  Pis.  XL,  fig.  2;  XLI,  fig.  4c;  XLII,  figs.  1-3, 

andXLIII,  fig.  3. 
Juglans  arctica  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  68,  Pis.  XIX, 

fig.  3,  and  XXXIX,  fig.  5. 
Juglans  arclica  Newberry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  62,  PI.  XX,  fig.  2. 
Juglans  arctica  HoUick,  Annals  New  York  Acad.  Sci.,  vol.  11,  1898,  p.  58,  PI.  Ill,  fig.  7. 
Ficus  atavina  HoUick,  Trans.  New  York,  Acad.  Sci.,  vol.  11,  1902,  p.  103,  PI.  IV,  fig.  5. 
Juglans  arctica  Berry,  Ann.  Rept.  State  Geologist  New  Jersey  for  1905,  1906,  p.  139,  PI.  XXI,  fig.  1. 
Juglans  arclica  Berry,  Bull.  Torrey  Bot.  Club,  vol.  33,  1906,  p.  170. 
Juglans  arclica  HoUick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey,  vol. 

50,  1907,  p.  54,  PI.  IX,  figs.  6-8. 

Description. — The  following  is  the  description  of  Heer,  written  in  1882: 

I.  Nuce  ovali,  34  mm.  longa,  17  mm.  lata;  foliis  magnis,  foliolis  ovalibus,  basi  insequilateralibus,  integerrimis, 
nervo  medio  valido,  nervis  secundariis  angulo  semirecto  egredientibus,  curvatis. 

1  Beitr.  Pal.  v.  Geol.  Oesterr.-Ungam.,  1904,  pp.  1-182,  Pis.  I-XXII. 

2  Verhandl.  K.-k.  Geol.  Reichsanstalt  Wien,  1873. 
8  ijtudes  sur  la  flore  fossile  de  PArgonne,  1896. 

«  Cretaceous  flora:  1874,  p.  56,  PI.  XXX,  fig.  6. 

6  It  is  now  definitely  decided  that  Hollick's  supposed  palm,  Serenopsis,  from  tlie  (  retaiec-.i.-,  of  Long  Island,  is  a  NeUimbo. 

6  Bull.  U.  S.  Geol.  Survey  No.  163, 1900,  p.  32. 

'  Dawson  has  also  described  a  Sabal  from  the  Upper  Cretaceous  at  Nanaimo. 

'  Torreya,  vol.  5, 1905,  p.  32. 
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The  leaves  of  this  species  vary  considerably  in  size  and  outline,  as  might  be  expected  in 
this  genus.  Hee.r's  type  material  is  somewhat  imperfect  and  some  of  it  is  difficult  to  distinguish 
from  some  of  the  forms  referred  to  the  same  author's  JugJans  crassipes,  although  the  latter  is 
on  the  whole  a  much  larger  less  oblong  form  with  a  narrower  base.  Juglans  arctica  is  oblong- 
ovate  in  outhne,  with  an  obtusely  pointed  apex  and  a  rounded,  generally  inequilateral  base. 
The  petiole  and  midrib  are  stout.  Secondaries  numerous,  well  marked,  parallel,  camptodrome. 
Size  varies  in  complete  specimens  from  9  to  15  centimetei-s  in  length  and  from  3  to  6  centimetei-s 
in  width. 

A  nut  and  catkins  are  associated  with  the  leaves  at  the  ty])e  locality  in  the  Atane  beds  of 
Greeidand,  which  confirm  their  reference  to  this  genus.  A  single  leaf  is  recorded  from  the 
Raritan  formation  of  New  Jersey,  and  the  species  also  occurs  in  beds  of  tliis  age  on  Staten  Island. 
With  these  exceptions  the  species  is  confined  to  later  horizons,  occurring  in  the  Magothy  forma- 
tion on  Marthas  Vineyard,  Block  Island,  and  in  New  Jersey,  in  the  Black  Creek  formation  of 
North  CaroUna,  and  in  the  Middendorf  arkose  member  of  the  Black  Creek  formation  of  South 
Carolina.  In  the  West  tliis  species  occurs  in  the  Dakota  sandstone  of  Kansas.  Its  occurrence 
in  South  Carohna  is  based  on  the  basal  halves  of  characteristic  inequilateral  leaves  of  rather 
small  size. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  iliddendorf, 
Chesterfield  County,  Rocky  Point,  Sumter  County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Order  MYKICALES. 

Family  MYKICACEAE. 

Genus  MYRICA  De  CandoUe. 

Myrica  brittoxiaxa  Berry. 

Plate  VII,  figures  17  and  18. 

Myrica  heerii  Berry,  Am.  Naturalist,  vol.  37,  1903,  p.  682,  figs.  7,  8  inon  Bnulay). 
Myrica  brittoniana  Berry,  Bull.  Torrey  Bot.  Club,  vol.  32,  1905,  p.  46. 

Description. — Leaves  elongate-lanceolate  in  outline,  1.3  to  14  centimeters  long  by  2.7 
centimeters  in  greatest  width,  which  is  in  the  middle  part  of  the  leaf.  Apex  elongated,  narrowed, 
bluntly  pointed.  Base  attenuated.  Margin  entire,  or  entire  below  and  undulate  or  distantly 
and  obtusely  toothed  above.  Texture  coriaceous.  Petiole  and  midrib  fairly  stout.  Secondaries 
thin,  immersed,  generally  obsolete,  brancMng  from  the  niidrib  at  rather  large  angles,  com- 
paratively straight,  camptodrome. 

This  striking  species  was  described  by  the  writer  in  1903  from  the  Magothy  formation  of 
New  Jersey,  to  which  it  has  been  heretofore  confined.  Fragmentary  leaves  are,  however, 
present  in  the  deposits  along  Black  Creek  in  South  Carolina.  The  form  is  somewhat  similar 
to  species  of  the  Dakota  sandstone  Myrica  aspera  Lesqucreux.' 

Occurrence. — Black  Creek  formation,  right  bank  of  Black  Creek,  2  miles  below  Wilhamson's 
bridge,  Florence  County,     (Collected  by  L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museum. 

Myrica  elegans  Berry. 
Plate  IX,  figure  4. 
Myrica  eleyans  Berr\-,  Bull.  Ton-ey  Bot.  Club,  vol.  34,  1907,  p.  191,  PI.  XI,  figs.  1-4,  6. 

Description. — Leaves  ovate-lanceolate  in  outline,  variable  in  size,  ranging  from  3.2  to  9.5 
centimeters  in  length  by  1.5  to  3  centimeters  in  greatest  width,  wliich  is  midway  between  the 
apex  and  the  base.  Like  the  living  species  of  Myrica  the  margin  is  variable,  ranging  from  forms 
in  which  it  is  rather  angularly  crenate  wdth  an  approach  to  serrate  in  some  of  the  teeth,  tlirough 
forms  in  which  the  crenations  become  more  and  more  rounded,  until  the  extreme  of  variation 


I  Lesquereux,  Leo,  The  flora  of  the  Dakota  group:  Mon.  V.  S.  Geol.  Survey,  vol.  17,  p.  66, 1892,  PI.  n,  Og.  11. 
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in  this  direction  shows  rchitivoly  broad  leaves  witli  deeply  scalloped  subcrenate  margins. 
Midrib  straight  and  fairly  stout.  Secondaries  numerous,  5  to  17  pairs,  relatively  stout  and 
prominent  on  the  lower  surface  of  the  leaf,  subopposite  or  alternate,  equidistant  and  parallel, 
branching  from  the  midrib  at  angles  of  more  than  45°,  approacliing  90°  in  some  specimens. 
They  are  nearly  straight  and  craspedodrome,  running  to  the  marginal  teeth.  Tertiaries  usually 
not  seen  because  of  the  coarse  matrix.  Some  transverse  veinlets  are  discernible,  as  well  as 
curved  branches  from  the  distal  part  of  the  secondaries,  which  run  to  the  subordinate  teeth  of 
the  marginal  scallops  when  these  are  developed.  Apex  pointed.  Base  cuneate  and  generall}' 
with  an  entire  margin.     Texture  subcoriaceous. 

This  species  is  markedly  distinct  from  any  other  Cretaceous  Myrica.  It  is  very  abundant 
in  the  Black  Creek  formation  of  the  upper  Cape  Fear  River  in  North  Carohna,  but  has  only 
been  found  at  Darlington  in  the  South  Carolina  area,  and  there  in  a  much  macerated  condition. 
Although  the  resemblance  is  not  close,  Myrica  elegans  is  more  like  Myrica  jirsecox,  described 
by  Heer  from  the  Patoot  beds  of  Greenland,  than  it  is  hke  any  other  species  with  which  it  has 
been  compared.  The  latter  is  a  smaller  leaf  ^\'itli  a  rounded  apex,  and  the  wide  marginal 
crenations  lack  the  crenulations  of  the  Carolina  species. 

Occurrence. — Black  Creek  fonnation,  near  Darlington,  Darlington  County.  (Collected  ])y 
L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museum. 

Order  SALIC  ALES. 

Family  SALICACE^. 

Genus  SALIX  Linne. 

Salix  FLExrosA  Newberry. 

Plate.s  VII,  figures  14-16,  and  XI,  figure  1. 

Salix  flexuosa  Newberry,  Notes  on  the  later  extinct  floras  of  North  America:  Ann,  Lye.  Nat.  Hist,  New  York,  vol,  1), 

1868,  p.  21. 
Salix  flexuosa  Newbeny,  Illustrations  of  Cretaceous  and  Tertiary  plants,  1878,  PI,  I,  fig,  4. 
Salix  prote:rfolia  linearifolia  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S,  Geol,  Survey,  vr.\,  17,  1892,  p.  49, 

PL  LXIV,  figs,  1-3. 
Salix  prolesfolia  flexuosa  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U,  S.  Geol.  Survey,  vol.  17,  1892,  p.  ."lO,  PI, 

LXIV,  figs,  4,  5, 
Salix  protea'/olia  flexuosa  Hollick,  Bull,  Torrey  Bot,  Club,  vol,  21,  1894,  p,  50,  PI.  CLXXIV,  fig,  o, 
Salix  proleir/olia  flexuosa  Hollick,  Annals  New  York  Acad.  Sci,,  vol,  11,  1898,  p,  .59,  PI,  IV,  fig.  5a. 
Salix  flexuosa  Berry,  Ann,  Rept.  State  Geologist,  New  Jei-sey,  for  1905,  1906,  p.  145. 
Salix  flexuosa  Berry,  Bull,  Torrey  Bot.  Club,  1906,  vol,  33,  p.  171, 

Salix  prolexfolitt  flexuosa  Berrj',  Bull,  New  York  Bot,  Garden,  vol,  3,  1903,  p,  67,  PI,  XLVIII,  fig.  12,  PI.  LII,  fig.  2. 
Salix  protesefolia  linearifolia  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon,  V.  S.  Geol, 

Survey,  vol,  50,  1907,  p.  52,  PI,  VIII,  fig,  12, 
Salix  protea^folia  flexuosa  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  T.  S.  Geol. 

Survey,  vol,  50,  1907,  p,  51,  Pis.  VIII,  figs,  5,  6a,  XXXVII,  fig.  8b, 

Description. — Leaves  narrow,  linear-lanceolate  in  outline,  equally  pointed  at  both  ends, 
short  petioled,  ranging  from  5  to  10  centimeters  in  length  and  from  8  to  1.3  millimeters  in  greatest 
width.  Margin  entire.  Midrib  stout  below,  tapering  above,  commonly  somewhat  flexuous. 
Secondaries  more  or  less  remote,  about  ten  alternate  pairs,  branching  from  the  midrib  at  angles 
varying  from  35°  to  45°,  camptodrome,  of  fine  caliber,  in  many  specimens  often  obsolete. 

This  species  was  described  by  Newberry  from  the  Dakota  sandstone  in  1868.  Lesquereux 
subsequently  made  it  one  of  the  varieties  of  liis  Salix  j^rotesefolia,  although  it  is  obviously 
entitled  to  independent  specific  rank.  It  is  of  rare  occurrence  in  the  Raritan  formation,  where 
it  first  appears  in  the  uppermost  beds  at  South  Amboy,  N.  J.,  and  is  preeminently  a  species 
which  characterizes  the  Magothy  and  homo  taxi  al  horizons  to  the  southward.  It  is  recorded 
in  beds  of  Magothy  age  from  Marthas  Vineyard  to  the  Potomac.  It  occurs  in  the  Black  Creek 
formation  of  North  CaroUna  and  at  a  large  number  of  localities  in  the  Tuscaloosa  formation  in 
the  western  part  of  Alabama. 

In  South  Carohna  it  has  been  found  in  considerable  abundance  in  the  Middendorf  arkose 
member  of  the  Black  Creek  formation  entirely  across  the  State,  and  fragments  which  have  been 
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doubtfully  identified  as  this  species  are  present  well  toward  the  top  of  the  Cretaceous  on 
Congaree  River. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County;  near  Langley,  Aiken  County;  right  bank  of  Congaree  River,  about  25 
miles  below  Columbia,  Lexington  County.  (Collected  by  E.  W.  Berry,  L.  W.  Stephenson, 
B.  L.  Miller,  and  M.  W.  Twitchell.) 

Collections. — U.  S.  National  Museum. 

Salix  lesquereuxii  Berry. 

Plate  VII,  figures  11-13. 

Salix  protesefolia  Lesquereux,  Am.  Jour.  Sci.,  2d  ser.,  vol.  46,  1868,  p.  94  (non  Forbes). 

Salix  protecefolia  Lesquereux,  The  Cretaceous  flora,  1874,  p.  60,  PI.  V,  figs.  1^. 

Salix  protesefolia  Lesquereux,  in  Cook  and  Smock,  Report  on  the  clay  deposits  of  Woodbridge,  South  Amboy,  and 

other  places  in  New  Jersey,  1878,  p.  29. 
Salix  protestfolia  Lesquereux,  The  Cretaceous  and  Tertiary  floras,  1S83,  p.  42,  Pis.  I,  figs.  14-16,  and  XVI,  fig.  3. 
Salix  protesfolia  Lesquereux,  The  flora  of  the  Dakota  group:   Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  49. 
Salix  protesefolia  longifotia  Lesquereux,  idem,  1892,  p.  50,  PI.  LXIV,  fig.  9. 
Salix  protese/olia  longi/olia  Bartsch,  Bull.  Lab.  Nat.  Hist.,  Univ.  Iowa,  vol.  3,  1896. 
Proteoides  daphnogenoides  Newberry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  72  (pars), 

PI.  XXXII,  fig.  11. 
Deioalquea  groenlandica  Newberry,  idem,  p.  129  (pars),  PI.  XLI,  fig.  12. 
Salix  protea^folia  Newberry,  idem,  p.  66,  PI.  XVIII,  figs.  3,  4. 
Salix  protesefolia  Kurtz,  Revista  Mus.  La  Plata,  1902,  vol.  10,  p.  51. 
Salix  protesefolia  Berry,  Ann.  Rept.  State  Geologist,  New  Jersey,  for  1905,  1906,  p.  139. 
Salix  protesefolia  Berry,  Bull.  Torrey  Hot.  Club,  vol.  33,  1906,  p.  171,  PI.  VII,  fig.  2. 
Salix  protesefolia  Berry,  idem,  vol.  36,  1909,  p.  252. 

Description. — Leaves  ovate-lanceolate  in  outhne,  somewhat  more  acuminate  above  than 
below,  variable  in  size,  ranging  from  6  to  12  centimeters  in  length  and  from  1.1  to  2.2  centi- 
meters in  greatest  width,  which  is  usually  shghtly  below  the  middle.  Petiole  stout,  much 
longer  than  in  Salix  fiexuosa,  the  largest  being  1.2  centimeters  long.  Midrib  stout  below, 
tapering  above.  Secondaries  numerous,  sometimes  as  many  as  twenty  pairs;  they  branch  from 
the  midrib  at  angles  of  about  45°  and  are  parallel  and  camptodrome. 

This  is  an  exceedingly  variable  species,  as  might  be  expected  in  a  Salix,  and  Lesquereux 
established  several  varieties,  of  which  at  least  one,  linearifolia,  is  referable  to  Salix  jlexuosa 
Newberry.  Some  of  Lesquereux's  forms  are  distinguishable  with  difficulty  from  the  latter,  as 
is  well  shown  by  examination  of  the  leaves  which  he  figures  on  Plate  I  of  his  ' '  Cretaceous  and 
Tertiary  floras."  These  leaves  are,  however,  larger  and  somewhat  more  robust,  of  a  thicker 
texture,  and  broadest  near  the  base,  from  wliich  they  taper  upward  to  an  exceedingly  acuminate 
tip.  In  general,  Salix  lesquereuxii  is  a  relatively  much  broader,  more  ovate  form  with  more 
numerous  and  easily  seen  secondaries  and  a  longer  petiole. 

This  species  is  an  exceedingly  abundant  Cretaceous  type  in  both  the  East  and  the  West. 
In  the  Atlantic  Coastal  Plain  it  ranges  from  the  base  of  the  Raritan  formation  to  the  top  of  the 
Tuscaloosa  formation  and  is  abundant  in  the  Magothy,  Black  Creek,  and  Tuscaloosa  formations. 
In  the  West  it  is  common  in  the  Dakota  sandstone.  It  is  one  of  the  forms  recorded  by  Kurtz 
from  the  Upper  Cretaceous  of  Argentina,  indicating,  if  the  identification  is  correct,  a  very  con- 
siderable migration  during  the  early  Upper  Cretaceous. 

It  is  abundant  in  South  Carolina  in  both  the  Middendorf  member  and  other  deposits  of 
the  Black  Creek  formation. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf,  Ches- 
terfield County,  near  Langley  and  MUes  Hall,  Aiken  County;  Rocky  Point,  Sumter  County; 
right  bank  of  Congaree  River,  about  25  miles  below  Columbia,  Lexington  County.  Other 
deposits  of  the  Black  Creek  formation  near  Darlington,  DarUngton  County.  (Collected  by  E.  W, 
Berry,  L.  W.  Stephenson,  B.  L.  Miller,  M.  W.  Twitchell,  and  Earle  Sloan.; 

Collections. — U.  S.  National  Museum. 
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Salix  psextdohayei  Berry. 

Plate  X,  figure  8. 

Salix  sp.  Newberry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  68,  PI.  XLII,  figs.  6-8. 
Salix  pseudohayei  Berry,  Bull.  Torrey  Bot.  Club,  1909,  vol.  36,  p.  251. 

Description. — Leaves  small,  relatively  short  and  broad,  ovate-lanceolate,  uniformly  about 
3  centimeters  in  length  by  1.1  to  1.4  centimeters  in  greatest  width,  which  is  about  halfway 
between  the  apex  and  base  or  lower  apex  acuminate.  Base  rounded.  Margin  entire.  Petiole 
short.  Midrib  slender  and  slightly  curved.  Secondaries  fine,  obscured  in  some  specimens,  five 
or  six  pairs,  alternate,  camptodrome,  branching  from  the  midrib  at  an  angle  of  about  45°  and 
curving  upward. 

This  species  is  not  uncommon  in  the  Raritan  formation  of  New  Jersey,  although  Prof. 
Newberry  fails  to  mention  the  exact  localities  from  which  he  collected  it.  Later  material  has 
come  from  the  lower  part  of  the  Raritan  at  Milltown,  N.  J.  It  has  been  compared  with  the 
Dakota  sandstone  species,  Salix  hayei  Lesquereux,  and  with  the  Arctic  Tertiary  Salix  rxana 
Heer,  both  of  which  it  resembles  in  general  appearance.  The  leaf  from  the  Dakota  sandstone, 
however,  is  coriaceous,  with  a  coarse  venation,  blunt  apex,  and  more  narrow  pointed  base,  and 
is  seen  to  be  quite  different  from  the  eastern  species  when  careful  comparisons  are  made. 

The  single  specimen  figured  is  all  that  represents  this  species  in  the  South  Carolina 
Cretaceous.     It  is  in  every  respect  identical  with  the  type  material  from  New  Jersey. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Salix  sloani  sp.  nov. 
Plate  VIII,  figures  10-12. 

Description. — Leaves  lanceolate  in  outline,  large  and  elongated,  13  centimeters  or  more  in 
length  by  1.6  to  3  centimeters  in  greatest  width,  which  is  about  halfway  between  the  apex  and 
the  base,  the  leaf  tapering  gradually  and  equally  distad  and  proximad  to  the  narrowly  acute 
and  extended  apex  and  base.  The  margin  is  entu-e  for  a  short  distance  below,  above  wliich  it 
is  beset  with  short,  triangular,  generally  obtusely  pointed,  somewhat  aquUme  teeth,  separated 
by  rounded  smuses.  Midrib  stout.  Secondaries  very  numerous,  thm,  approximately  parallel, 
branching  from  the  midrib  at  wide  angles,  60°  to  70°,  at  intervals  of  2  to  3  millunetei-s,  extending 
outward  with  only  a  sl^ht  upward  curve  to  a  point  near  the  margin  and  then  curving  upward 
and  extending  for  a  greater  or  less  distance  almost  parallel  with  the  latter,  giving  off  short 
tertiary  branches  to  the  marginal  teeth.  Tertiaries  fine,  exceedingly  numerous,  transverse, 
parallel  at  nearly  right  angles  to  the  midrib. 

Tlus  very  striking  and  exceedingly  distmct  and  characteristic  species  is  not  rare  at  the 
locality  near  Langley,  though  few  complete  leaves  are  found.  It  has  not  been  detected  elsewhere 
in  the  Atlantic  Coastal  Plain.  It  is  much  like  certain  modern  species  of  GreviUea  and  other 
antipodean  members  of  the  family  Proteacese,  but  may  be  compared  with  a  number  of 
existing  species  of  Salix,  as,  for  example,  Salix  jluviatilis  Nuttall.  It  is  believed  to  be  referable 
with  certainty  to  this  genus  and  is  one  of  the  most  ancient  forms  known  wliich  show  decisive 
characters  identical  with  those  of  modern  ^villow  leaves.  The  most  nearly  related  fossil  species, 
one  perfectly  distinct,  however,  is  Salix  eutawensis  Berry,'  which  has  been  recorded  from  the 
Black  Creek  formation  in  North  Carolina  and  from  the  Eutaw  formation  in  western  Georgia. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Langley  and 
Miles  Hall,  Aiken  County.     (Collected  by  L.  W.  Stephenson,  E.  W.  Berry,  and  Earle  Sloan.) 

Collections. — U.  S.  National  Museum. 


I  Berry,  Bull.  Torrey  Bot.  Club,  vol.  37, 1910,  p.  193,  PI.  XXII. 
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Order  FAGALES. 

Family  FAGACEiE. 

Genus  QTJEBCCrs  Idime. 

QUERCUS    SUMTERENSIS    Sp.  nov. 

Plate  X,  figures  9  and  10. 

Description. — Leaves  large,  linear,  acuminate,  coriaceous,  entire,  with  a  broadly  cuneate 
base.  Length  about  15  to  16  centimeters.  Greatest  width  3  centimeters.  Petiole  short  and 
stout,  midrib  stout.  Secondaries  tliin,  brandling  from  the  midrib  at  angles  of  45°  or  more, 
taking  a  rather  straight  course  almost  to  the  margin  and  then  turning  sharply  upward.  Ter- 
tiaries  obsolete,  as  are  also  the  secondaries  in  some  specimens. 

TMs  species  is  clearly  referable  to  the  willow  or  laurel  oaks  and  is  markedly  distinct  from 
any  species  liitherto  described,  although  it  resembles  in  general  outline  some  of  the  lanceolate 
Cretaceous  species  of  Ficus.  It  is  not  uncommon  at  the  Rocky  Point  locality,  to  which  it  is 
thus  far  confined.  It  is  not  unlike  some  of  the  leaves  of  the  modern  Quercus  rudkini,  a  hybrid 
of  Quercus  marylandica  and  pJiellos. 

Occurrence. — Middendori  arkose  member  of  Black  Creek  formation.  Rocky  Point,  Sumter 
County.     (Collected  by  L.  F.  Ward  and  L.  C.  Glenn.) 

Collections. — U.  S.  National  Museum. 

Quercus  pseitdowestfalica  sp.  nov. 

Plate  IX,  figure  5. 

Description. — Leaves  of  medium  size,  relatively  small  for  this  genus,  ovate  in  general 
outline,  wath  an  acuminate  apex  and  a  cuneate  base.  Texture  coriaceous.  Length  about  9.5 
centimeters.  Greatest  width  about  4  centimeters  near  the  middle  of  the  leaf.  Margin  with 
large  serrate  teeth  separated  by  broadly  rounded  sinuses.  Midrib  stout.  Secondaries  tlmi, 
approximately  parallel,  about  seven  subopposite  paii-s,  brancMng  from  the  midrib  at  angles 
of  about  45°,  slightly  curved,  craspedoch-ome,  ending  in  the  marginal  teeth,  of  which  there  is 
one  to  each  secondary.     Petiole  not  preserved. 

This  species  evidently  belongs  to  the  group  of  the  chestnut  oaks,  not  differing  materially 
from  certain  leaves  which  may  be  collected  from  the  existing  Quercus  michauxii,  prinus,  or 
prinoides  of  eastern  North  America.  Among  fossil  species  it  is  very  similar  to  some  of  the 
varieties  of  Querent  westfalica  figured  by  Hosius  and  von  der  Marck  ^  from  the  Senonian  of 
Westphalia,  and  it  is  especially  close  to  one  of  the  Bohemian  leaves  wliich  Yelenovsky  ^  refers 
to  tliis  species.  Heer  ^  records  tins  same  species  from  the  Atane  beds  of  Greenland,  but  Ms 
specimens  are  too  fragmentary  for  any  great  certainty  of  identification.  Another  leaf  which 
is  very  similar  is  one  from  Kieslingswalde  in  Silesia,  wliich  Velenovskj"  identifies  with  his 
Quercus  pseudodryrneja*  although  it  is  more  probably  referable  to  Quercus  westfalica.^  No 
Atlantic  Coastal  Plain  species  is  closely  similar  to  Quercus  pseudowestfalica,  although  Quercus 
eoprinoides  Berry "  from  the  Magothy  formation  in  New  Jersey  is  remotely  related  to  it,  as  is 
also  Quercus  raritanensis  Berry  '  from  the  Raritan  formation  of  that  State. 

A  form  wliich  is  closely  related  to  the  Carolina  species,  however,  is  Quercus  dakotensis 
Lesquereux.'  It  is  of  about  the  same  size  and  outline,  but  differs  in  having  less  prominent 
teeth  and  in  the  details  of  its  tertiary  venation. 

1  Paljeontographica,  vol.  26, 1880,  p.  161,  Pis.  XXIX,  figs.  52-63;  XXX,  figs.  64-75. 

■  Velenovsky,  J.,  Die  Flora  der  bohmischen  Kreideformation,  pt.  2, 1883,  p.  17,  PI.  II,  fig.  23. 

3  Flora  fossilis  arctica,  vol.  6,  Abth.  2, 1882,  p.  67,  PI.  XV,  figs.  5-7. 

<  Op.  cit.,  figs.  21,22. 

5  Op.  cit.,  pt.  4, 1883,  p.  13,  PI.  VII,  fig.  10. 

e  Berry,  E.  W.,  Bull.  Torrey  Bot.  Club,  vol.  31, 1904,  p.  74,  PI.  IV,  fig.  11. 

'  Idem,  vol.  36, 1909,  p.  249. 

'  Lesquereux,  Leo,  The  flora  oJ  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17, 1892,  p.  56,  PI.  Vn,  fig.  4. 
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Quercus  psevdowestfalica  has  been  found  in  only  the  Middendorf  member  of  the  Black 
Creek  formation  of  South  Carolina.  It  has  also  been  doubtfully  determined  from  the  Black 
Creek  formation  at  Court  House  Bluff  in  North  Carolina. 

Occurrence. — ^Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County;  Rocky  Point,  Sumter  County,  and  Miles  Mill,  Aiken  County.  (Collected 
by  E.  W.  Berry,  L.  W.  Stephenson,  and  Earle  Sloan.) 

Collections. — U.  S.  National  Museum. 

Order  URTICALES. 

Family  ULMACE^ffi. 

Genus  MOMISIA  F.  G.  Dietrich. 

MOMISIA    CAROLINENSIS    sp.  nOV. 

Plate  XII,  figure  5. 

Description. — Leaves  entire  below,  more  or  less  dentately  toothed  apically,  ovate  in  outline, 
6  or  7  centimeters  in  length  by  2.5  centimeters  in  greatest  width.  Apex  narrowed  and  pointed. 
Base  cuneate,  not  quite  equilateral,  finally  decurrent  on  the  stout  petiole,  which  is  short,  6  or  7 
miUimeters  in  length.  Midrib  stout  below,  becoming  thin  distad.  Basal  secondaries,  consti- 
tuting the  lateral  primaries,  subopposite,  branching  from  a  point  at  or  near  the  base  of  the 
midrib  at  acute  angles,  long,  nearly  straight,  ascending,  camptodrome.  Upper  secondaries 
remote,  thin,  camptodrome. 

This  species  of  a  quasi  triple-veined  leaf  seems  allied  to  the  existing  species  of  Momisia,  of 
which  no  fossil  forms  are  known  except  a  single  species  from  the  Eocene  of  Georgia  described 
recently  by  the  writer.  Leaves  of  this  character  are  commo:ily  referred  to  the  genus  Cinna- 
momum  or  at  least  to  the  Lauracese,  but  the  botanical  affinity  of  this  form  seems  to  be  with 
certain  tropical  Ulmacese.  The  existing  species  of  Momisia  number  a  score  or  more  forms  of 
the  American  tropics.  They  are  closely  related  to  Ccltis  and  are  even  made  a  subgenus  of  Celtis 
by  Engler.  These  leaves  differ  from  the  described  species  of  Cinnamomum  and  its  allies  in 
their  toothed  margins  and  in  the  character  of  their  tertiary  venation,  and  may  be  considered 
the  Cretaceous  representative  of  the  Claiborne  species  of  Momisia. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Family  ARTOCARPACEa;. 

Genus  FICUS  Linne. 

Ficus  ATAViNA  Heer. 

Plate  X,  figure  11. 

Ficus  protogsea  Heer,  Flora  fossilis  arctica,  vol.  3,  Abth.  2,  1874,  p.  108,  Pis.  XXIX.  fig.  2b,  and  XXX,  fig.s.  1-8.     (von 

Ettinsghausen.) 
Ficus  protogsea  Schenk,  Paleeontographica,  vol.  23,  1875,  p.  169,  PI.  XXIX,  fig.  12. 
JfioiS  atavina  Heer,  Flora  fossilis  arctica,  vol.  6,  Abth.  2,  1882,  p.  69,  Pis.  XI,  figs.  5b,  7b,  8b;  XVII,  fig.  8b;  XIX, 

fig.  lb;  and  XX,  figs.  1,  2. 
Ficus  atavina  Heer,  idem,  vol.  7,  1883,  p.  26. 

Ficus  atavina?  Lesquereux,  Proc.  U.  S.  Nat.  Mus.,  vol.  10,  1887,  p.  40. 
Ficus  protogBca  Hollick,  Bull.  Torrey  Bot.  Club,  vol.  21,  1894,  p.  51,  PI.  CLXXV,  fig.  4. 
Ficus  atavina  Berry,  Bull.  Torrey  Bot.  Club,  vol.  31,  1904,  p.  75,  Pis.  I,  figs.  8,  9,  and  III,  fig.  6. 
Fixnis  atavina  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey,  vol. 

50,  1907,  p.  58,  PL  X,  figs.  5,  6  (not  fig.  4,  which  is  referable  to  Juglans  elongata). 

Description. — ^Leaves  entire,  broadly  oblong-lanceolate  in  outline,  large  in  size,  the  South 
Carolina  leaves  measuring  about  20  centimeters  in  length  by  3.5  centimeters  in  greatest  width, 
which  is  about  halfway  between  the  apex  and  the  base.     Apex  and  base  equally  acute.     Midrib 


UPPER    CBETACEOUS    FLORA    OF    SOUTH    CAROLINA.  37 

very  stout.  Texture  coriaceous.  Secondaries  numerous,  parallel,  branching  from  the  midrib 
at  angles  of  more  than  45°,  camptodrome.  Tertiaries  rarely  seen,  forming  small  four  or  five 
sided  areoles. 

This  large  fig  leaf  stands  about  midway  between  Ficus  hrausiana  and  Ficus  crassipes,  and 
may  possibly  represent  the  somewhat  narrower,  more  elongated  leaves  of  the  former  species. 
It  was  described  originally  from  Greenland  as  Ficus  protogxa  Heer,  a  preoccupied  name,  and 
was  subsequently  renamed  by  its  describer.  It  has  been  recorded  by  Hollick  from  Marthas 
Vineyard  and  Long  Island,  from  what  are  apparently  Magothy  deposits,  and  by  the  writer  from 
the  Magothy  formation  of  New  Jersey.  Lesquereux  recorded  it  from  the  far  West  (Utah),  but 
the  writer  has  not  seen  his  material  and  queries  the  citation,  for  the  species  appears  to  be  con- 
fined in  this  hemisphere,  at  least,  to  eastern  North  America.  The  range  was  possibly  extended 
to  Europe,  because  Schenk  identifies  it  in  the  Gosau  beds  of  the  northern  Tyrol.  It  has  not 
heretofore  been  discovered  in  Alabama  or  in  deposits  of  the  southern  Atlantic  Coastal  Plain. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation.  Rocky  Point,  Sumter 
County;  near  Middendorf,  Chesterfield  County.  (Collected  by  L.  F.  Ward,  L.  C.  Glenn,  L.  W. 
Stephenson,  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Ficus  celtifolius  sp.  nov 
Plate  XII,  figure  4. 

Description.— Leaves  small,  entire,  elliptical-ovate  in  outline  with  an  obtusely  pointed  apex 
and  a  broadly  rounded  base.  Petiole  short,  about  0.6  centimeter  in  length,  relatively  stout. 
Midrib  stout.  Secondaries  stout,  remote,  tlaree  or  four  pairs,  the  lower  pair  opposite,  diverting 
from  the  midrib  just  below  its  base  and  functioning  as  lateral  primaries,  the  balance  alternate. 
All  branch  from  the  midrib  at  angles  of  about  4.5°  and  are  camptodrome  some  distance  from 
the  margin.  Tertiaries  distinct,  the  inner  transverse,  the  peripheral  camptodrome  in  uniform 
broad  arches. 

This  species,  which  is  obviously  unlike  any  previously  described  Ficus,  is  the  sole  repre- 
sentative of  the  palmately  veined  figs  found  in  South  Carolina,  although  the  somewhat  similar 
species  Ficus  woolsoni  Newberry  and  Ficus  ovatifolia  Berry  occur  in  either  the  Black  Creek 
formation  of  North  Carolina  or  the  Tuscaloosa  formation  of  Alabama.  It  is  especially  charac- 
terized by  the  prominence  of  its  secondary  and  tertiary  venation,  and  is  very  similar  to  certain 
modern  species  of  Celtis  with  entire  margins,  as,  for  example,  Celtis  crassifolia  Lamarck,  and 
Celtis  reticulata  Torrey.  It  is  also  similar  to  a  number  of  Tertiary  species  of  Ficus  and  not 
unlike  a  very  much  larger  undescribed  species  of  Ficus  present  in  clays  of  the  Tuscaloosa  for- 
mation of  western  Alabama. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Ficus  crassipes   (Heer)   Ileer. 
Plates  X,  figure  12,  and  XII,  figures  8-10. 

Tliis  species  is  described  in  the  section  of  this  report  deaUng  with  the  Upper  Cretaceous 
flora  of  Georgia,  pages  110-1 11.  It  is  common  in  South  Carolina,  especially  at  the  Rocky  Point 
locahty,  from  which  the  figured  specimens  were  collected.  It  is  especially  characteristic  of 
the  post-Raritan  and  pre-Montana  horizons  of  eastern  North  America. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County;  near  Langley,  Aiken  County;  Rocky  Point,  Sumter  County;  right  bank 
of  Congaree  River  about  25  miles  below  Columbia,  Lexington  County.  (Collected  by  E.  W. 
Berry,  L.  F.  Ward,  L.  C.  Glenn,  B.  L.  Miller,  and  M.  W.  Twitchell.) 

Collections. — U.  S.  National  Museum. 
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Ficus  KRAUsiANA  Heer. 

Plate  XI,  figures  4-7. 

Ficus  hrausiana  Heer,  Neue  Denkschr.  Schw.  Gasell.,  vol.  23,  1869,  p.  15,  PI.  V,  figs.  3-6. 

Ficus  beckwilhii  Lesquereux,  The  Cretaceous  and  Tertiary  floras,  1883,  p.  46,  Pis.  XVI,  fig.  5,  and  XVII,  figs.  3  and  4. 
Ficus  suspecta  Velenovsky,  Die  Flora  der  bohmischen  Kreideformation,  pt.  4,  1885,  p.  10,  PI.  V,  figs.  6,  9. 
Ficus  atavina  Heer?  HoUick,  Trans.  New  York  Acad.  Sci.,  vol.  2,  1892,  p.  103,  PI.  IV,  figs.  4,  6. 

Ficiis  hrausiana,  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  81,  PI.  I,  fig.  5. 
Ficus  bechwithii  Lesquereux,  idem.,  vol.  17,  1892,  p.  80. 
Ficus  krausiana  Hollick,  Bull.  Geol.  Soc.  America,  vol.  7,  1895,  p.  13. 
Ficus  hrausiana  Hollick,  Annals  New  York  Acad.  Sci.,  vol  11,  1898,  p.  59,  PI.  Ill,  fig.  1. 
Ficus  hrausiarm  'Bivvy,  Bull.  Torrey  Bot.  Club,  1906,  vol,  33,  p.  172. 

Ficus  hrausiana  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey, 
vol.  50,  1907,  p.  58,  Pis.  IX,  fig.  9,  and  X,  figs.  1-3. 

Description. — The  following  is  Heer's  description  of  this  species,  written  in  1869: 

F.  foUis  lanceolatis,  integerrimus,  utrinque  attenuatis,  nervo  medio  vaUdo,  nervis  secundis  numerosis,  campto- 
dromis,  Bubtillissimis. 

Leaves  of  large  size,  ovate  lanceolate  in  outline,  broadest  at  or  below  the  middle.  Apex 
and  base  acutely  pointed,  the  apex  often  extended  and  attenuated.  Petiole  and  midrib  stout. 
Secondaries  regular,  open,  thin,  ascending,  camptodrome,  branching  from  the  midrib  at  angles 
of  45°  or  more.  Texture  coriaceous  or  subcoriaceous.  Length  about  17  centimeters.  Greatest 
width  about  4  centimeters. 

This  species  was  described  by  Heer  from  Moletein  in  Moravia  (Cenomanian),  and  it  has  been 
subsequently  identified  from  a  large  number  of  American  localities.  In  the  West  it  occurs 
in  the  Dakota  sandstone  of  Kansas  and  Colorado;  in  the  East  it  is  common  from  Marthas 
Vineyard  and  Block  Island  to  Alabama  and  is  present  between  these  limits  in  Maryland,  North 
Carolina,  and  South  Carolina.  These  occurrences  are  all  in  beds  of  the  Magothy  or  homotaxial 
formations,  the  only  uncertain  occurrence  being  that  at  Tottenville,  Staten  Island,  where  the 
morainic  material  containing  this  species  may  possibly  have  been  derived  from  the  Raritan, 
although  this  is  considered  doubtful. 

Associated  with  this  species  at  the  ty]:)e  locality  in  Moravia  are  similar  leaves  which  were 
described  by  Prof.  Heer  as  a  different  species,  Ficus  mohliana.  These  are  somewhat  larger 
with  a  more  sparse  secondary  venation.  It  seems  probable  that  these  merely  represent  the 
somewhat  larger  leaves  of  Ficus  Tcrausiana,  but  they  are  not  united  with  it  in  view  of  the  lack 
of  positive  evidence,  because  Ficus  mohliana  has  priority  and  this  would  involve  the  change  of 
name  of  this  well-known  type  and  horizon  marker.  In  both  North  and  South  Carolina  fruits 
are  found  associated  with  this  species,  but  whether  they  are  related  to  it  or  to  some  of  the 
other  rather  numerous  species  of  Ficus  which  occur  at  the  same  localities  can  not  be  determined. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County  (?);  Rocky  Point,  Sumter  County;  right  bank  of  Congaree  River,  about 
25  miles  below  Columbia,  Lexington  County  ( ?).  Other  deposits  of  the  Black  Creek  formation, 
Black  Creek,  Florence  County.  (Collected  by  L.  F.  Ward,  L.  C.  Glenn,  E.  W.  Berry,  L.  W. 
Stephenson,  and  M.  W.  Twitchell.) 

Collections. — U.  S.  National  Museum. 

Ficus  stephensoni  Berry. 

Plate  XII,  figures  1-3. 

Ficus  stephensoni  Berry,  Bull.  Torrey  Bot.  Club,  vol.  37,  1910,  p.  194,  PI.  XXIII,  figs.  2,  3. 

Description. — Leaves  variable  in  size,  ranging  from  6  to  18  centimeters  in  length  and  from 
2.3  to  6.4  centimeters  in  greatest  width,  broadly  lanceolate-ovate,  tapering  equally  from  the 
middle  toward  both  ends  but  more  fully  rounded  at  the  base  and  more  slender  toward  the  tip, 
especially  in  the  smaller  leaves.     Midrib  broad.     Secondaries  very  slender,  leaving  the  midrib 
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at  wide  angles  which  become  as  great  as  90°  in  some  of  the  larger  specimens,  very  numerous, 
2  to  4  millimeters  apart,  parallel,  almost  straight  to  the  marginal  vein,  wliich  is  well  marked  and 
about  1  milUmeter  distant  from  the  margin,  with  which  it  is  parallel.  Veinlets  largely  at  right 
angles  to  the  secondaries  and  not  especially  well  showai.     Petiole  stout. 

This  is  an  exceedingly  weU-marked  species  of  Ficus  and  is  very  close  to  various  existing 
species  in  form  and  venation  characters,  as  is  weU  shown  by  a  comparison  with  the  leaves  of 
Ficus  elastica  Roxburg.  It  is  probable,  however,  that  the  texture  of  the  fossil  species  was  less 
coriaceous,  for  all  the  larger  leaves  are  considerably  macerated. 

It  is  believed  that  the  larger  forms  represent  the  normal  size  of  the  leaves  in  this  species  and 
that  the  smaller  leaves,  which  occur  only  in  material  from  South  Carolina,  represent  abortive 
leaves  which  fell  before  reaching  maturity,  as  is  so  common  in  the  modern  aUied  species. 

Some  authors  refer  leaves  of  this  type  to  the  genus  Eucalyptus,  witii  which  genus  the  vena- 
tion has  much  in  common.  In  point  of  size  the  Carohna  leaves  are  comparable  with  those  of 
such  a  species  as  Eucalyptus  latifolia  HolUck  from  Glen  Cove,  Long  Island,  but  the  secondaries 
are  less  regular  and  only  about  half  as  numerous  in  the  latter  species,  and  there  seems  to  be 
little  doubt  of  the  propriety  of  referring  the  present  species  to  the  genus  Ficus. 

It  is  very  similar  to  a  variety  of  closely  related  Upper  Cretaceous  species  of  Ficus  of  the 
type  of  the  existing  Ficus  elastica  Roxburg  and  its  allies,  commonly  cultivated  as  ornamental 
shrubs  and  trees  under  the  name  of  "rubber  plants."  The  comparable  fossil  forms  include 
Ficus  glascoeana  Lesquereux,'  wdth  wliich  there  is  a  possibiUty  that  the  present  species  may  be 
identical,  as  it  is  very  similar  in  outline  and  venation,  except  that  the  figures  of  the  Kansas 
leaves  (types  478  and  532a,  Museum  of  Comparative  Zoology)  do  not  show  any  marginal  vem, 
although  Lesquereux  mentions  one  in  his  description.  The  latter  species  has  been  detected  south- 
ward along  the  western  shore  of  the  Mississippi  embayment  in  the  Woodbine  sand  of  Texas  and  is 
of  a  more  coriaceous  texture,  with  more  obtuse  tip,  and  %\dth  the  secondaries  joining  the  midrib 
at  an  angle  of  60°.  Another  very  similar  species  is  Ficus  aiavina  Heer,^  which  ranges  from  the 
Atane  and  Patoot  beds  of  western  Greenland  southward  along  the  Atlantic  Coastal  Plain  to 
Marthas  Vineyard,  Glen  Cove,  Long  Island,  and  Cliffwood,  N.  J.  All  the  occurrences  are 
probably  of  Magothy  age. 

The  North  Carolina  leaf  has  fuU-rounded  basal  margins,  which  are  rather  straight  in  Ficus 
atavina;  its  secondaries,  which  are  twice  as  numerous  as  in  Ficus  atavirui,  are  less  ascending. 
The  marginal  vein  is  also  closer  to  the  margin.  Another  species,  perhaps  identical  with  the 
previous  one,  is  Ficus  peruni  Velenovsky,^  from  the  Cretaceous  of  Bohemia,  which  differs  from 
the  North  Carolina  leaf  in  the  same  respects  in  which  Ficus  atavina  Heer  differs.  Velenovsky 
points  out  the  great  similarity  between  Ficus  peruni  and  Eucalyptus  gei.nitzii  Heer,  a  similarity 
which  is  more  strikuig  m  the  forms  he  has  referred  to  tliis  species  of  Eucalyptus  than  in  the 
leaves  usually  so  identified  by  other  paleobotanists. 

Ficus  stephensoni  was  recently  described  by  the  wi-iter  *  from  material  collected  in  the 
Black  Creek  formation  at  Court  House  Bluff  on  Cape  Fear  River  in  North  Carolina.  It  is 
found  to  be  equally  abundant  in  clays  of  the  Middendorf  member  of  the  Black  Creek  formation 
across  the  State  of  South  CaroUna,  but  has  not  been  certainly  detected  elsewhere  in  the  Atlantic 
Coastal  Plain,  though  doubtful  remains  which  may  represent  this  species  are  present  in  the 
collections  from  clays  of  the  Tuscaloosa  formation  of  western  Alabama. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  Middendorf,  Chester- 
field County;  near  Langley,  Aiken  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

'  Lesquereux,  Leo,  The  flora  of  the  Dakota  group:  Mon.  V.  S.  Geol.  Survey,  vol.  17, 1892,  p.  76,  PI.  XIII,  figs.  1,  2. 

2  Flora  fossilis  arctica,  vol.  3,  Abth.  2, 1874,  p.  lOS,  Pis.  XXIX,  flg.  2b,  and  XXX,  figs.  1-8. 

3  Die  Flora  der  bohmischen  Kreideformation,  pt.  3, 1884,  p.  16  (41),  PI.  IV  (12),  flgs.  1-3.    Compare  his  fig.  2  with  Berry,  Bull.  Torrey  Hot.  Club, 
vol.  31, 1904,  Pi.  Ill,  flg.  6. 

*  Loc.  cit. 
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Order  PROTEALES. 

Family  PKOTEACEffi. 

Genus  PROTEOIDES  Heer. 

Proteoides  LANCiFOLius  Ilcer. 

Plate  X,  figure  1. 

Troteoutes  lancifolius  Heer,  Zur  Kreideflora  von  Quedlinburg,  1871,  p.  12,  PI.  Ill,  figs.  5,  6. 
Proteol'ks  lanci/oUas  Lesquereux,  The  Cretaceous  and  Tertiary  floras,  1883,  p.  50. 

Proteouki  lancifolius  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  90,  Pis. 
XV,  fig.  5,  and  I,  fig.  8. 

Description. — Leaves  entire,  lanceolate,  commonly  falcate  in  outline,  with  a  narrowed 
attenuated  apex  and  a  narrowed  decurrent  base,  about  10  centimeters  in  length  by  1.4  centi- 
meters m  greatest  width,  which  is  in  the  basal  half  of  the  leaf.  Petiole  stout.  Midrib  stout 
below,  rapidly  narrowing  upward.  Secondaries  very  numerous,  approximately  parallel,  many 
obsolete,  branchmg  from  the  midrib  at  acute  angles  of  less  than  45°.  These  are  connected  by 
branches  or  tertiaries  in  the  irregular  manner  characteristic  of  the  venation  of  existing  Proteaceae. 
Texture  coriaceous. 

This  species  was  origially  described  from  the  Cretaceous  of  Blankenburg,  Saxony,  by  Heer. 
Lesquereux  recorded  it  from  the  Dakota  sandstone  and  it  is  not  uncommon  in  the  South  Carolina 
Cretaceous,  the  latter  remains  being  identical  with  the  Dakota  sandstone  specimens  and  identical 
with  the  type  material  except  that  in  some  of  the  leaves  of  the  South  Carolina  specimens  the 
upper  secondaries  are  depicted  as  open  and  camptodrome,  subtendmg  a  wider  angle  with  the 
midrib,  a  character  different  from  that  shown  in  the  lower  secondaries  of  the  same  specimens. 
AH  the  observed  characters  are  identical  with  those  of  various  existmg  genera  of  the  Proteaceae, 
as,  for  example,  the  genus  Protea.  The  present  species  does  not  differ  to  any  extent  from  the 
Dakota  sandstone  species,  Proteoides  acuta  Heer  and  Proteoides  gremlliseformis  Heer,  the  latter 
the  type  of  the  genus.  The  genus  Proteoides  does  not  contain  many  described  species  and  is 
confined  to  pre-Montana  deposits  in  North  America,  although  it  ranges  upward  into  the  Senonian 
of  Europe. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County;  Eocky  Point,  Sumter  County.  Other  deposits  of  the  Black  Creek  forma- 
tion, near  Darhngton,  Darlington  County.  (Collected  by  E.  W.  Berry,  L.  C.  Glenn,  and 
L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museum. 

Proteoides  parvula  sp.  nov. 
Plate  X,  figure  5. 

Descri,ption. — Leaves  of  small  size,  lanceolate  in  outline,  entire,  somewhat  falcate,  with 
equally  acute  apex  and  base,  2  centimeters  in  length  by  4. .5  millimeters  in  greatest  width, 
which  is  about  halfway  between  the  apex  and  the  base.  Midrib  thin,  somewhat  flexuous. 
Secondaries  fine,  immersed,  and  mostly  obsolete,  numerous,  ascending,  irregularly  anastomosing. 

This  species  is  one  of  the  smallest  which  has  been  referred  to  this  genus,  and  except  for  its 
size  is  very  similar  to  Proteoides  lancifolius  Heer,  which  occurs  at  the  same  locality — in  fact,  it 
may  simply  be  a  juvenile  form  of  the  latter.  This  can  only  be  determined  by  a  larger  amount 
of  comparative  material  than  is  available  at  the  present  time. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf,  Ches- 
terfield County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  vS.  National  Museum. 
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Order  RAN  ALES. 
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Family  RANTJNCULACEa!  (?). 

Genus  DEWALQUEA  Saporta  and  Marion. 

Dewalquea  SMiTHi  Berrv. 

Plate  VIII,  figures  3-9. 
Dewalquea  smithi  Berry,  Torreya,  vol.  10,  1910,  p.  36,  fig.  1. 

Description. — Leaves  palmatety  decompound,  the  petiole  dividing  into  three  principal 
branches,  the  angle  of  divergence  varying  from  20°  to  60°  and  the  two  lateral  branches  forking 
at  an  acute  angle  1  to  2  centimeters  above  their  base.  The  middle  leaflet  is  lanceolate  in  out- 
line, being  widest  in  its  central  part  and  tapering  almost  equally  to  the  acute  apex  and  base. 
Length  7.5  to  16  centimeters.  Greatest  width  2  to  4  centimeters.  Margin  entire  or  serrate, 
usually  entire  below  and  serrate  in  the  apical  three-fourths,  some  specimens  having  large 


FiGiiRE  I.— Restoration  of  Dewalquea  smithi  Berry,  from  the  Tuscaloosa  formation  of  western  .\labama. 

aquiline-serrate  teeth.  Midrib  stout.  Secondaries  regular,  subopposite,  parallel;  about  20 
pairs,  branching  from  the  midrib  at  angles  varymg  from  45°  to  70°,  generall}^  about  50°,  curving 
upward  and  running  to  the  marginal  teeth  or  camptodrome.  The  base  of  the  leaflet  extends 
downward  within  2  or  3  mLIlLmctcrs  of  the  forks  of  the  petiole.  Lateral  leaflets  more  or  less 
inequilateral,  usually  somewhat  smaller  than  the  middle  leaflet.  The  internal  lateral  leaflet  is 
lanceolate,  the  outer  lamina  starting  at  or  very  ne^ir  the  point  where  the  lateral  branch  of  the 
petiole  forks.  The  inner  lamina,  however,  extends  downward  almost  to  the  base  of  the  lateral 
branch,  making  the  base  markedly  inequilateral.  In  general  outline  and  in  marginal  and 
venation  characters  it  is  identical  with  the  middle  leaflet.  The  outer  lateral  leaflet  is  also 
somewhat  inequilateral,  but  less  so  than  the  internal  lateral  leaflet,  the  internal  lamina  starting 
at  or  near  the  fork  and  its  outer  lamina  extendmg  more  or  less  below  the  fork.  Marginal  and 
venation  characters  as  in  the  outer  leaflets.  This  handsome  species,  of  which  a  restoration  is 
shown  in  figure  1,  is  abundantly  represented  at  the  locality  near  Langley,  mostly  by  terminal 
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leaflets,  a  number  of  which  are  reproduced  in  Plate  VIII,  figures  3-9.  It  is  common  in  the 
Tuscaloosa  formation  at  Whites  Bluff,  on  the  right  bank  of  Warrior  River  309  miles  above 
Mobile,  Ala.,  a  small  collection  of  fossil  plants  from  this  outcrop  containing  no  less  than  27 
specimens  of  this  form.  Several  of  these  were  complete  and  were  sketched  at  the  time  they 
were  collected,  which  proved  fortunate,  as  the  extremely  arenaceous  matrix  did  not  withstand 
shipment  very  well.  The  museum  material,  though  considerably  broken,  shows  several  entire 
detached  leaflets  and  three  or  four  basal  parts  of  the  leaf  showing  the  mode  of  division  of  the 
petiole. 

The  genus  Dewalquea  was  founded  by  Saporta  and  Marion  in  1874  '  upon  remains  from 
the  Senonian  of  Westphalia  communicated  by  Debey  and  named  by  him  in  manuscript  Aralio- 
phyllum,  and  on  additional  remains  collected  by  those  authors  from  the  Paleocene  of  Gelinden, 
Belgium  (marnes  heersiennes,  etage  Thanetien).  Tlu-ee  species  were  enumerated,  Dewalquea 
Tmldemiana  and  Dewalquea  aquisgranensis  from  the  Westphalian  Senonian  and  Dewalquea 
gelindenensis  from  the  basal  Eocene.  In  the  past  35  years  several  additional  species  have  been 
referred  to  this  genus,  including  another  species  from  the  German  Senonian,  Dewalquea  insignis, 
described  by  Hosius  and  Von  der  Marck ;  ^  two  species  from  the  Cenomanian  of  Bohemia, 
Dewalquea  coriacea  and  Dewalquea  pentaphylla,  described  by  Velenovsky ;  ^  two  American  species 
from  the  Dakota  sandstone,  Dewalquea  dalcotensis  and  Dewalquea  primordialis,  described  by 
Lesquereux,*  both  of  which  are  fragmentary  and  of  uncertam  relationship;  a  species  from  the 
Raritan  formation  of  New  Jersey,  Dewalquea  trifoUata,  described  by  Newberry;  ^  and  a  species 
described  by  Heer  *  from  Greenland,  Dewalquea  groenlandica,  and  subsequently  recorded  from 
Staten  Island,  New  Jersey,  North  Carolina,  and  Alabama. 

Hosius  and  Von  der  Marck '  record  the  Eocene  species  from  the  Senonian  of  Westphalia,  but 
the  remains  are  not  of  this  species,  bemg  fragments  of  Dewalquea  Jialdemiana,  which  is  common 
at  that  horizon.  The  European  species  Dewalquea  insignis  is  recorded  by  Heer '  both  from 
the  Atane  and  Patoot  beds  of  Greenland  and  by  Hollick  *  from  the  Cretaceous  of  Staten  Island, 
but  both  of  these  determinations  are  based  upon  fragments  of  single  leaves  and  are,  in  the 
writer's  judgment,  entirely  untrustworthy.  Attention  should  also  be  called  to  the  possibility 
of  Celastrus  arctica  Heer"'  representing  the  leaflets  of  a  Dewalquea.  This  species  was  described 
from  the  Patoot  beds  of  Greenland,  where  it  is  sparsely  represented.  It  is  abundant,  however, 
in  the  upper  part  of  the  Raritan  formation  of  New  Jersey,  but  of  some  scores  of  specimens 
examined  by  the  writer  all  were  detached  and  failed  to  show  their  habit  of  growth. 

The  botanic  relationship  of  Dewalquea  has  always  remained  obscure  and  no  better  discussion 
of  it  is  extant  than  that  given  by  Saporta  and  Marion,"  who,  after  comparing  these  leaves  with 
those  of  Ampelopsis,  Arissema,  Anthurium  (Aracese),  and  other  genera,  arrive  at  the  conclusion 
that  they  are  prototypes  of  the  tribe  HeUeborese  of  tha  Ranunculacese. 

The  present  species  is  markedly  distinct  from  the  American  species  of  Dewalquea  previously 
described,  all  of  which  were  apparently  tripartite.  Among  the  European  species  it  is  quite 
similar  to  the  Senonian  species  Dewalquea  insignis  Hosius  and  von  der  Marck,  wliicli  is,  however, 
enthely  distinct.  It  is  also  similar  to  Dewalquea  coriacea  and  Dewalquea  pentaphylla  described 
by  Velenovsky  from  the  Cenomanian  of  Bohemia. 

As  previously  mentioned,  this  species  shows  both  entire  and  serrated  forms.  It  is  remark- 
able that  where  this  genus  has  been  found  in  any  abundance,  two  species  are  usually  described, 

1  Saporta,  G.  de,  and  Marion,  A.  F.,  Essai  sur  1  ^tat  de  la  vdgdtation  k  I'^poque  des  mames  heersiennes  de  Gelinden:  M^m.  cour.  et  des  Sav. 
Strang.  Acad.  roy.  Belgique,  vol.  37,  p.  55.    1874. 

2  Hosius  and  Von  der  Marclc,  Pateontographica,  vol.  26,  1880,  p.  172,  PI.  XXXII,  figs.  111-113;  XXXHI,  fig.  109;  XXXIV,  fig.  110;  and 
XXXV,  fig.  133. 

2  Die  Flora  der  bohmisclien  Kreideformation,  pt.  3, 1884,  pp.  11,  14,  Pis.  I,  figs.  1-9;  II,  fig.  2;  and  VIII,  figs.  11,  12. 

f  The  flora  ol  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  211,  PI.  LIX,  flgs.  5,  6.     Geol.  and  Nat.  Hist.  Survey  Minnesota, 
vol.  3,  1893,  p.  18,  PI.  A,  fig.  10. 

s  Newberry,  J.  S.,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  129,  PI.  XXII,  figs.  4-7. 
6  Heer,  Oswald,  Flora  fossilis  arctica,  vol.  6,  Abth.  2,  1882,  p.  87,  Pis.  XXIX,  figs.  18,  19;  XLII,  figs.  5,  6;  XLIV,  fig.  11. 
'  Op.  cit.,  p.  50. 

8  Op.  cit.,  vol.  6,  Abth.  2,  1882,  p.  86,  Pis.  XXV,  fig.  7;  XXXIII,  flgs.  14-16;  idem,  vol.  7,  1883,  p.  37,  Pis.  LVIII,  fig.  3;  LXII,  fig.  7. 
s  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey,  vol.  50,  1907,  p.  106,  PI.  VIII,  fig.  24. 
"  Op.  cit.,  vol.  7, 1883,  p.  40,  PI.  LXI,  figs.  5d,  5e. 
"  Op.  cit.,  pp.  55-61. 
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one  entire  and  one  with  toothed  margins.  Thus  in  Germany  Dewalquea  Tmldemiana  is  entire, 
whereas  Dewalquea  insignis  is  toothed,  and  probably  both  are  the  leaves  of  the  same  plant. 
In  Bohemia  Dewalquea  pentaphylla  is  entire  and  Dewalquea  coriacea  is  toothed.  As  for  the 
Alabama  plant,  it  is  beUeved  that  the  entire  and  serrate  leaves  are  specifically  identical,  for  the 
material  shows  a  great  many  gradations  in  the  size  of  the  teeth  and  great  variability  regarding 
the  proportion  which  the  entire  part  of  the  margin  bears  to  the  toothed  part  on  single  leaflets. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Langley  and  Miles 
Mill,  Aiken  Coimty.     (Collected  by  L.  W.  Stephenson,  E.  W.  Berry,  and  Earle  Sloan.) 

Collections. — U.  S.  National  Museum. 

Family  MAGNOLIACEffi. 
Genus  MAGNOLIA  lonne. 
Magnolia  capellinii  Heer  (?). 
Plate  X,  figure  3. 

This  species,  which  is  confined  to  the  Middendorf  arkose  member  of  the  Black  Creek  forma- 
tion in  South  Carolina,  is  described  in  the  section  of  this  report  dealing  with  the  Upper  Cretaceous 
flora  of  Georgia,  pages  112-113. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  Coimty;  Rocky  Point,  Sumter  County.  (Collected  by  L.  C.  Glenn,  L.  W.  Stephen- 
son, and  E.  W.  Berry.) 

Collection. — U.  S.  National  Museum. 

Magnolia  newberryi  Berry  (?). 

Magnolia  longifolin  Hollick,  Trans.  New  York  Acad.  Sci.,  vol.  12,  1892,  p.  36,  PI.  Ill,  fig.  9. 

Magnolia  longi/olia  Smith,  On  the  geology  of  the  Coastal  Plain  of  Alabama,  1894,  p.  348. 

Magnolia  longi/olia  Hollick,  Annals  New  York  Acad.  Sci.,  vol.  11,  1898,  p.  422,  PI.  XXXVII,  fig.  3. 

Magnolia  longi/olia  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey, 

vol.  50,  1907,  p.  66,  PI.  XX,  figs.  2,  3  (non  Sweet,  1826). 
Magnolia  longi/olia  Newberry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  76,  Pis.  LV, 

figs.  3  and  5,  and  LVI,  figs.  1^. 
Magnolia  newberryi  Berry,  Bull.  Torrey  Club,  vol.  34,  1907,  p.  195,  PI.  XIII,  fig.  6. 

Description. — Leaves  mostly  of  large  size,  ovate  to  oblong  in  outline,  about  20  centimeters 
in  length  by  9  to  10  centimeters  in  width,  broadest  toward  the  base.  Ape.x  subacute  or  obtuse. 
Base  varying  from  obtusely  rounded,  almost  truncate,  to  somewhat  cuneate.  Petiole  and 
midrib  stout.  Secondaries  comparatively  thin  and  open,  about  12  pairs,  camptodrome. 
Tertiaries  forming  four,  five,  or  six  sided  areoles,  quite  prominent  in  some  specimens. 

This  is  the  largest  magnoha  of  the  Raritan  formation,  the  leaves  of  wliich  are  said  by 
Newberry  to  reach  a  length  of  30  centimeters  or  more.  It  is  common  at  the  Woodbridge 
locality  and  has  also  been  reported  from  Staten  Island  and  Marthas  Vineyard,  from  the  Tuscaloosa 
formation  in  Alabama,  and  from  the  Black  CVeek  formation  in  North  Carolina.  In  a  general 
way  it  resembles  an  immense  leaf  of  Magnolia  woodbridgensis,  and  it  also  approaches  somewhat 
Magnolia  longipes,  but  the  petiole  is  only  about  one-third  the  length  that  it  has  in  the  latter 
species.  Its  occurrence  in  the  South  CaroUna  Cretaceous  is  based  upon  doubtfully  determined 
material  from  the  locahty  near  Darlington,  but  it  must  almost  certainly  have  been  a  member 
of  the  South  Carohna  flora,  for  it  has  been  detected  in  homotaxial  deposits  both  north  and  south 
of  this  area.     (Collected  by  L.  W.  Stephenson.) 

Occurrence. — Black  Creek  formation,  near  DarUngton,  Darlington  County. 

Collections. — U.  S.  National  Museum. 
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Magnolia  obtusata  Heer. 

Magnolia  aipellinii  Heer,  Flora  Fossilis  Arctica,  vol.  3,  Abth.  2,  1874,  PI.  XXXIII,  fig.  4  (non  other  citations  of  this 

species). 
Magnolia  obtusata  Heer,  idem,  vol.  6,  Abth.  2,  1882,  p.  90,  Pis.  XV,  fig.  12,  and  XXI,  fig.  3. 
Magnolia  obtusata  Lesquereux,  The  flora  of  the  Dakota  group:  Mou.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  201,  PI.  LX, 

figs.  5,  6. 
Magnolia  obtusata  Berry,  Bull.  New  York  Bot.  Garden,  vol.  3,  1903,  p.  76,  PI.  XLVII,  fig.  4. 
Magnolia  obtusata  Berry,  idem,  vol.  37,  1910,  p.  23. 

Description. — Leaves  of  variable  size,  oblong-ovate  or  obovate  in  outline,  entire,  with  a 
broadly  rounded  apex  and  a  narrowed  cuneate  base,  ranging  from  7  to  14  centimeters  in  length 
by  2.4  to  7  centimeters  in  greatest  width,  wliich  is  above  the  middle.  Petiole  and  midrib  stout. 
Secondaries  few  in  number,  ascendmg,  curved,  camptodrome.     Te.xture  coriaceous. 

Tliis  species  was  described  from  the  Atane  beds  of  Greenland  by  Heer,  and  was  based  upon 
rather  fragmentary  material.  Subsequently  Lesquereux  recorded  some  fine  specimens  from  the 
Dakota  sandstone  of  Kansas.  It  is  present  in  the  Magothy  formation  from  New  Jersey  to 
Maryland  and  is  also  a  member  of  the  Tuscaloosa  flora  in  western  Alabama.  The  South  Carolina 
specimens  are  few  in  number  and  come  from  but  a  single  locality. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Magnolia  tenuifolia  Lesquereux  ( ?) . 

Plate  IX,  figures  2  and  3. 

Magnolia  tenuifolia  Lesquereux,  Am  Jour.  Sci.,  2d  ser.,  vol.  46,  1868,  p.  100. 

Magnolia  tenuifolia  Lesquereux,  The  Cretaceous  flora,  1874,  p.  92,  PI.  XXI,  fig.  1. 

Magnolia  tenuifolia  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  198,  PL 

XXIV,  fig.  1. 
Magnolia  tenuifolia  Berry,  Bull.  New  York  Bot.  Garden,  vol.  3,  1903,  p.  77,  PL  XLVII,  fig.  10. 
Magnolia  tenuifolia  Hollick,  idem,  vol.  3,  1904,  p.  413,  PL  LXXIII,  fig.  2. 
Magnolia  tenuifolia  Berry,  Bull.  Torrey  Bot.  Club,  vol.  31,  1904,  p.  76,  PI.  I,  fig.  7. 
Magnolia  tenuifolia  Berry,  idem,  vol.  33,  1906,  p.  174,  PI.  VII,  fig.  1. 
Magnolia  tenuifolia  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey, 

vol.  50,  1907,  p.  64,  Pis.  XVII,  fig.  1;  XVIII,  figs.  4,  5. 

Description. — Leaves  large,  entire,  oblong-ovate  in  outUne,  with  a  very  stout  petiole  and 
midrib.  Length,  about  20  centimeters.  Greatest  width,  which  is  about  halfway  between 
the  apex  and  the  base,  about  8  centimeters.  Apex  bluntly  pointed.  Base  cuneate,  pointed. 
Secondaries  open,  approximately  parallel,  inequidistaut,  camptodrome. 

The  presence  of  this  species  in  South  Carolina  Cretaceous  is  based  upon  the  doubtfully 
determined  fragments  figured.  The  leaf  in  hfe  was  such  a  large  one  that  most  of  the  occurrences 
axe  based  upon  mere  fragments.  It  was  described  originally  from  the  Dakota  sandstone  and 
has  subsequently  been  recorded  from  the  Magothy  formation  on  Marthas  Vineyard  and  Long 
Island  and  in  New  Jersey  and  Delaware. 

Occttrrewce.— Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Genus  ILLICIUM  Liirme. 

Illicium  watereensis  sp.  nov. 

Plate  XIV,  figure  8. 

Description. — Leaves  entire,  lanceolate  in  outline,  with  the  apex  and  the  base  acutely  and 
equally  pomted.  Length  about  9.5  centimeters.  Greatest  width  1 .9  centimeters,  in  the 
middle  part  of  the  leaf.  Midrib  narrow  but  prominent.  Secondaries  numerous,  parallel, 
branching  from  the  midrib  at  angles  of  about  4.5°,  camptodrome. 
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This  species  may  be  compared  with  a  variety  of  described  species  in  um-elated  genera, 
as,  for  example,  Nyssa,  Daphne,  Apocynum,  Anchomeda,  and  various  lauraceous  genera,  but 
it  is  beheved  to  have  more  in  common  with,  the  Kanahan  genus  IlUcium,  in  which  only  one 
other  Cretaceous  species,  lUicium,  deletum  Velenovsky,^  from  the  Cenomanian  of  Bohemia,  is 
known.  The  latter  is  very  similar  to  the  South  Carohna  leaf,  differing  merely  in  having  fewer 
secondaries  and  more  open  secondary  venation.  A  number  of  Tertiary  species  of  Illicium 
are  known,  and  the  modern  forms,  which  are  seven  or  eight  in  number,  inhabit  the  warmer 
parts  of  eastern  North  America  and  eastern  Asia. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  Rocky  Point,  Sumter 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Order  ROSALES. 

Family  HAMAMELIDACEai. 

Genus  HAMAMELITES  Saporta. 

Hamamelites?  cordatus  Lesquereux. 

Plate  X,  figure  2.  > 

Hamamelitesf  cordatus  Lesquereux,  The  Cretaceous  and  Tertiary  floras,  1883,  p.  71,  PL  IV.  fig.  3. 
Ramamelilesf  cordatus  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  voL  17.  1892,  p.  139. 

Description. — Leaves  large,  elliptical  in  outUne.  Length  about  10  centimeters.  Greatest 
width  6  to  7  centimeters;  near  the  middle  part  of  the  leaf.  Apex  unknown.  Base  cordate. 
Margui  undulate  to  dentate  or  serrate  with  shallow  teeth.  Midrib  stout.  Secondaries  stout, 
numerous,  approximately  parallel,  branching  from  the  midrib  at  angles  of  45°  or  more,  nearly 
straight,  at  right  angles  to  the  secondaries.     Texture  coriaceous. 

The  genus  Hamamehtes  was  founded  by  Saporta  in  1865  upon  foreign  early  Tertiary 
material,  and  to  it  Lesquereux  referred  five  species  from  the  Dakota  sandstone,  which  exhibited 
a  combination  of  the  characters  of  Hamamehs,  Alnus,  Vil:)urnum,  and  other  genera.  Sub- 
sequently one  of  these  was  referred  to  Quercus.  AU  were  founded  uj^on  rather  sparse  material, 
particularly  Hamamelites?  cordatus.  Its  occurrence  in  South  Carolina  is  based  upon  the 
single  imperfect  specimen  figured,  wliich  is  very  similar  to  the  figured  type  from  the  West.  It 
shows  part  of  the  margin,  the  characteristic  venation,  and  half  of  the  typical  cordate  base. 
That  Hamamehs-hke  forms  were  present  at  tliis  time  is  shown  by  the  presence  of  wood  of  this 
type  described  by  Lignier  in  1907  as  Hamamehdox\'lon  from  the  Cenomanian  of  France. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  Rocky  Point,  Sumter 
County.     (Collected  by  L.  C.  Glenn.) 

Collections. — U.  S.  National  Museum. 

Family  MIMOSACE.ffi. 

Genus  ACACIAPHYLLITES  gen.  nov. 

ACACIAPHYLLITES    GREVILLEOIDES    sp.    nOV. 

Plate  IX,  figures  9  and  10. 

Description. — Leaves  or  leaflets  of  small  size,  entire,  oblong-oUiptical  in  outUne,  about  2 
centimeters  in  length  by  0.5  to  0.65  centimeters  in  greatest  width,  which  is  at  the  middle  part 
of  the  leaf.  Apex  and  base  equally  rounded.  Petiole  very  short  and  relatively  stout,  about 
1.5  millimeters  in  length.  Midrib  thin,  very  much  attenuated  distad.  Secondaries  fine, 
numerous,  approximately  parallel,  branching  from  the  midrib  at  acute  angles;  long,  ascendmg, 
apparently  camptodrome,  connected  at  irregular  intervals  by  cross  branchlets  of  the  same 
caliber. 

1  Velenovsky,  J.,  Die  Flora  der  bohmischen  Kreideformation,  pt.  3, 1S84,  p.  4,  PI.  Ill,  flg.  5. 
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This  species  is  believed  to  show  undoubted  characters  which  ally  it  with  the  genus  Acacia 
and  is  certainly  referable  to  the  families  Mimosaceffi  or  Csesalpiniacese,  although  suggesting  the 
family  Proteacese.  It  is  totally  unlike  any  known  fossil  Auierican  species  but  resembles  certain 
of  the  Bohemian  Cretaceous  leaves  referred  by  Velenovsky '  to  Grevillea  or  Grevilleophyllum, 
although,  as  has  been  said,  it  is  here  considered  leguminous. 

These  small  leaves  are  not  uncommon  at  the  locality  near  Middendorf,  to  which  they  are 
confined.  Their  small  size  has  enabled  complete  specimens  to  be  preserved,  and  though  they 
are  thin  they  appear  to  have  had  a  resistant  epidermis  of  thick-walled  cells,  greatly  resembling 
a  number  of  typical  existing  acacias. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  Coimty.     (Collected  by  L.  W.  Stephenson  and  E.  W.  BeiTy.) 

Collections. — U.  S.  National  Museum. 

Genus  C^SALPINTA  lAnne. 

C^SALPINIA    MIDDENDORFENSIS    Sp.  nOV. 

Plate  X,  figure  7. 

Description. — Leaves  compound.  Leaflets  entire,  elliptical  m  outline,  with  a  broadly 
rounded  apex  and  a  slightly  broader,  rounded,  markedly  inequilateral  base,  1.5  centimeters  in 
length  by  0.9  centimeter  in  greatest  width,  which  is  at  the  middle  or  below.  Midrib  slender 
and  curved  in  the  single  complete  leaflet  collected.  Secondaries  few  and  thin,  four  or  five  pairs, 
branching  from  the  midrib  at  a  wide  angle,  more  than  45°,  camptodrome. 

This  is  a  well-marked  species,  clearly  referable  to  some  member  of  the Csesalpiniaceae  with 
compound  leaves,  usage  sanctioning  the  reference  of  leaflets  of  this  sort  to  the  genus  Csesalpinia, 
with  the  leaflets  of  which  they  agree  closely.  Only  two  other  Cretaceous  species  are  known, 
both  from  the  Raritan  formation  in  New  Jersey.  With  the  smaller  of  these,  Ceesalpinia  coohiana 
Hollick,^  the  South  Carolina  form  is  closety  comparable,  but  it  differs  m  its  more  elongate  inequi- 
lateral outline  and  more  numerous  secondaries. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Genus  liEGtTMINO SITES  Bowerbank. 

LeGUMINOSITES    MIDDENDORFENSIS    Sp.  nOV. 

Plate  VIII,  figure  13. 

Description. — Leaves  or  leaflets  ovate-lanceolate  in  outline,  with  a  pointed  apex  and 
rounded  base,  3  centimeters  in  length  by  1.4  centimeters  in  greatest  width,  which  is  in  the 
middle  part  of  the  leaf.  Midrib  thin.  Secondaries  thin,  open,  five  or  six  pairs,  slightly  curved, 
ascending  at  angles  of  45  to  50°. 

This  species  is  of  rare  occurrence  and  vague  relationship,  although  it  seems  to  be  most 
closely  related  to  the  leguminous  leaves  usually  referred  to  the  form-genus  Leguminosites. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Leguminosites  robiniifolia  Berry. 

Plate  IX,  figure  11. 
Leguminosites  robiniifolia  Berry,  Bull.  Torrey  Bot.  Club,  vol.  37,  1910,  p.  196. 

Description. — ^Leaflets  sessile,  ovate  to  ovate-elliptical  in  outline.  Length  about  2.5 
centimeters.     Greatest  width,  1.3  to  1.5  centimeters,  at  a  point  slightly  nearer  the  base  than 

■  Die  Flora  der  bohmischen  Kreideformation,  pt.  2, 1883,  p.  3,  PI.  I,  figs.  6-10. 

2  Newberry,  J.  S.,  The  floraof  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.26,  1896,  p.  94,  .PI.  XLII,  figs.  49,  50. 


UPPER  CRETACEOUS  FLORA  OF  SOUTH  CAKOLINA.  47 

the  apex.  Both  the  apex  and  the  base  are  obtusely  rounded,  the  base  broadly  and  the  apex 
more  narrowly.  Midrib  fairly  stout.  Secondaries  consist  of  about  five  alternate  to  opposite 
pairs,  slender,  regularly  curved,  and  approxinaately  parallel,  branching  from  the  midrib  at 
angles  of  about  45°  or  slightly  more,  camptodrome. 

This  well-marked  species  is  entirely  distinct  from  previously  described  forms  and  is 
remarkably  close  to  the  leaves  of  the  existing  Rohima  'pseudacacia  Linne  of  the  eastern  United 
States,  which  fact  has  led  to  the  specific  name  chosen  for  it.  It  was  described  recently  by  the 
writer  from  material  collected  from  the  Black  Creek  formation  at  Court  House  Bluff  on  Cape 
Fear  River  in  North  Carolina. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Langloy,  Aiken 
County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Order  GEBANIALES. 

Family  RUTACEa;. 

Genus  CITROPHYLLUM  Berry. 

CiTROPHYLLUM  ALiGERUM  (Lesquereux)  Berry. 

Ficiis  aligera  Lesquereux,  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  84,  PI.  X,  figs.  3-6. 
Fiats  aligera  Beirj',  Aim.  Rept.  State  Geologist,  New  Jersey,  for  1905,  1906,  p.  139. 
Fiats  aligera  Berr>-,  Bull.  Torrey  Hot.  Club,  vol.  33,  1906,  p.  172. 
Citrophyllum  aligerum  Berry,  idem,  vol.  36,  1909,  p.  258,  PI.  XVIIIa,  figs.  1-8. 

Description. — The  following  description  is  given  m  the  reference  last  cited: 

Leaves  small,  elliptical  to  ovate  or  ovate-lanceolate,  coriaceous,  varying  from  2.5  to  6  centimeters  in  length  by 
1.8  to  3.2  centimeters  in  breadth.  Margin  entire,  occasionally  sUghtly  undulate.  Apex  rounded  or  obtusely  acuminate- 
Base  lounded.  subtruncate,  or  cuneate.  Petiole  stout,  0.7  to  2  centimeters  in  length,  conspicuously  alate.  The 
petiolar  wings  may  be  oblong-lanceolate  or  obovate;  together  they  are  from  2.5  to  5  millimeters  in  width,  averaging 
about  3.5  millimeters.  Midrib  stout.  Secondaries  fine,  more  or  less  obscured  by  the  coriaceous  leaf  substance,  about 
nine  alternate  pairs,  branching  from  the  midrib  at  angles  of  from  45  to  50°,  parallel,  camptodrome. 

These  curious  leaves  (morphologically  leaflets)  were  described  by  Lesquereux  in  1892  from 
the  Dakota  sandstone  as  a  species  of  Ficus  and  compared  with  Ficus  humeUoides  Ettingshausen 
and  Ficus  mudgei  Lesquereux,  neither  which  has  alate  petioles  and  the  first  has  an  emarginate 
apex.  Subsequently  the  same  leaves  were  found  in  the  Magothj^  formation  of  New  Jersey, 
and  only  recently  a  smgle  small  leaf  was  found  in  the  upper  part  of  the  Raritan  formation  of 
South  Amboy,  N.  J.  They  exhibit  considerable  variety  in  outline,  but  all  have  exactly  the 
same  aspect  and  conspicuous,  more  or  less  alate  petioles.  They  appear  to  be  closely  related  to 
the  leaves  of  the  modern  genus  Citrus.  The  latter  have  exactly  the  same  texture  and  venation, 
the  same  variability  In  outline  and  marginal  undulations,  the  same  stout  midrib,  and  conspicu- 
ously alate  petioles.  In  examining  a  suite  of  specimens  of  the  latter  and  comparing  them  with 
the  fossils  the  conclusion  seems  to  be  irresistible  that  they  are  related,  and  the  writer  consequently 
referred  the  fossils  to  a  new  genus  with  a  name  that  emphasized  this  relationship  to  the  modern 
genus.  All  the  more  complete  leaves  of  this  species  were  figured  by  the  writer  in  1909,  as  well 
as  some  recent  Citrus  leaves  for  comparison  with  them.  Possible  arguments  against  the  present 
view  may  be  based  on  the  theory  that  the  modern  alate  petioles  are  derived  from  ancestors 
with  compound  leaves;  in  fact,  some  modern  species  still  have  trifoliate  leaves,  and  if  this  were 
true  of  the  fossils  as  well  it  would  require  considerable  rapidity  of  evolution  in  the  genus  previous 
to  the  middle  part  of  the  Cretaceous.  The  modern  leaves  abscise  from  the  top  of  the  petiole 
and  would  be  unlikely  to  occur  as  fossils  with  the  petiole  attached;  neither  can  any  indication 
of  such  an  abscission  line  be  made  out  in  the  fossils.  This  is  the  most  difficult  argument  to 
combat.  However,  modern  leaves  are  sometimes  shed  in  their  entirety,  and  we  are  justified 
in  assuming  the  occasional  fall  of  leaves  before  maturity  when  the  abscission  layer  of  cells  had 
not  yet  become  weakened.     The  cause  might  be  violent  winds,  the  passage  of  large  animals 
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like  some  of  the  Cretaceous  dinosaurs,  or  weakened  conditions  resulting  from  attacks  of  insects, 
or  of  fungous  diseases.  The  species  is  also  found  in  the  Magothy,  Tuscaloosa,  and  Dakota 
formations. 

The  South  Carolina  occurrence  of  this  species  is  based  upon  the  incomplete  but  character- 
istic leaves  and  tends  to  confirm  the  doubtful  identification  of  this  form  in  the  Black  Creek 
formation  of  North  Carolina. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County;  Miles  Mill,  Aiken  County.     (Collected  by  E.  W.  Berry  and  Earle  Sloan.) 

Collections. — U.  S.  National  Museum. 

Order  EUPHORBIALES. 

Family  EUPHORBIACEffi. 

Genus  CBOTONOPHYLLUM  Velenovsky. 

Crotonophyllum  pandur^formis  sp.  nov. 

Plate  VII,  figures  5-10. 

Description. — Leaves  of  variable  size,  entire  and  ovate-lanceolate  or  irregular  pandmiform 
in  outline,  about  8  to  10  centimeters  in  length  by  3  to  4  centimeters  in  greatest  width,  which  is 
in  the  basal  half  of  the  leaf.  General  outhne  ovate,  separated  by  a  sharp  lateral  sinus  on  each 
side  into  a  broad  basal  portion  with  full  rounded  marghis  and  an  upper  narrower  portion  which 
is  more  or  less  rounded  or  elongated.  In  some  specimens  the  sinus  is  wanting  on  one  side;  it 
may  be  wanting  on  both  sides  and  the  leaf  be  ovate-lanceolate  in  outline,  as  it  often  is  in  the 
only  other  known  species  of  the  genus.  This  is  the  habit  of  a  number  of  specimens  from  the 
Miles  Mil  locality.  Apex  bluntly  pointed.  Base  slightly  recurrent  to  the  stout  petiole,  wliich 
is  of  considerable  length.  Texture  coriaceous.  Midrib  stout.  Secondaries  numerous,  rather 
stout,  brandling  from  the  midrib  at  angles  of  about  45°,  parallel,  camptodrome  below  and  in 
some  specimens  also  in  the  apical  portion  of  the  leaf,  in  which  case  they  pursue  an  upwardly 
curved  course.  In  other  specimens  they  are  straight  in  the  apical  half  of  the  leaf,  and  their 
ends  are  connected  by  a  nearly  straight  marginal  vein,  which  is  the  continuation  of  some  lower 
secondary;  in  fact,  the  regularly  camptodrome  lower  secondaries  are  parallel  with  the  margin 
before  they  fuially  inosculate. 

These  curious  leaves  are  not  uncommon  in  the  South  Carolina  Cretaceous,  though  they 
are  generally  incomplete.  They  are  wholly  unlike  any  known  American  Cretaceous  leaves, 
although  they  suggest  the  leaf  described  from  the  Upper  Cretaceous  of  Vancouver  Island  by 
Dawson  as  Liriodendron  succedens.^  In  the  writer's  opinion  Dawson's  leaf  is  not  a  Liriodendron, 
but  as  Dawson's  figures  are  inaccurate,  and  as  the  writer  has  not  seen  the  original  material, 
his  opinion  is  not  conclusive.  The  genus  Crotonophyllum  was  proposed  by  Velenovsky  for 
leaves  from  the  Cenomanian  of  Vyserovic,  Bohemia,  which  are  very  similar  to  the  present 
species.  A  single  species,  Crotonophyllum  cre.taceum/'  was  described  and  compared  with  the 
existing  species  of  Croton,  but  as  the  discussion  is  in  Bohemian  the  description  is  not  readily 
accessible  to  Enghsh  readers.  The  illustrations,  however,  are  ample  and  depict  a  leaf  which 
is  surely  congeneric  with  the  South  Carolina  fossils. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf,  Ches- 
terfield County;  near  Langlcy  and  Miles  Mill,  Aiken  County;  Rock}'  Point,  Sumter  County. 
(Collected  by  L.  W.  Stephenson,  E.  W.  Berry,  and  Earle  Sloan.) 

Collections. — U.  S.  National  Museum. 

1  Trans.  Roy.  Soc.  Canada,  vol.  11,  se«.  4, 1894,  p.  62,  PI.  VIII,  fig.  26. 

2  Velenovsky,  J.,  Kv^tena  desk^ho  cenomanu,  1889,  p.  20,  PI.  V,  figs.  4-11. 
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Order  SAPINDALES. 

Family  SAPINDACE^. 

Genus  •SAPINDTJS  linne. 

Sapindus  jiorrisoxi  Ileor. 

Plate  IX,  figure  (i. 

Sapindus  morrisoni  Heer  (Lesquereux  MS.),  Flora  fossilis  arrtica,  1882,  vol.  fi.  Abth.  2,  p.  96,  Pis.  XL,  fig.  1;  XLI, 

fig.  3;  XLIII,  figs,  la,  lb;  and  XLIV,  figs.  7  and  8. 
Sapindus  morrisoni  Heer,  idem,  vol.  7,  1883,  p.  39,  PL  LXV,  fig.  5. 

Sapindus  morrisoni  Lesquereux,  The  Cretaceous  and  Tertiary  floras,  1883,  p.  83,  PI.  XVI,  figs.  1  and  2. 
Sapindus  morriso7ii  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  1.58,  PI. 

XXXV,  figs.  1  and  2. 
Sapindus  morrisoni  Hollick,  Annals  New  York  Acad.  Sci.,  vol.  11,  1898,  p.  422,  PI.  XXXVI,  fig.  4. 
Sapindus  morrisoni  Kiiowlton,  Twenty-first  Ann.  Kept.  U.  S.  Geol.  Survey,  1901,  p.  817,  pt.  7. 
Sapindus  morrisoni  Berry,  Bull.  New  York  Bot.  Garden,  vol.  3,  1903,  p.  83,  PI.  XLVII,  figs.  2  and  3. 
Sapindus  morrisoni  Berry,  Bull.  Torrey  Bot.  Club,  vol.  31,  1904,  p.  78. 

Sapindus  morrisoni  Berrj',  Ann.  Rept.  State  Geologist  New  Jersey  for  1905,  1906,  pp.  138  and  139. 
Sajyindus  morrisoni  Hollick,  Mon.  U.  S.  Geol.  Survey,  vol.  50,  1907,  p.  90,  PL  XXXIII,  figs.  16-20. 

Description. — Leaves  pinnately  compound.  Leaflets  large,  subcoriaceous,  entire,  lanceo- 
late in  outline,  about  10  to  15  centimeters  in  length  or  in  a  few  specimens  larger,  by  2  to  3 
centimeters  m  greatest  width.  Base  cuneate  or  rounded,  generally  inequilateral.  Midrib  stout. 
Secondaries  stout,  bowed,  rather  open,  approximately  parallel,  camptodrome. 

These  leaflets  are  usually  found  detached,  as  in  the  few  specimens  found  near  Langley, 
S.  C,  although  some  of  the  material  from  the  west  shows  the  habit.  This  species  was  described 
by  LesquereiLx  and  named  in  allusion  to  the  type  locality.  As  Lesquereux's  report  on  Creta- 
ceous and  Tertiary  floras  was  not  published  promptly,  it  happened  that  Heer  had  meanwhile 
published  this  species,  based  on  Greenland  material  and  identified  by  means  of  some  of  the 
plates  of  Lesquereux's  work  which  the  latter  had  sent  to  him,  so  that  the  species  must  be  credited 
to  Heer.  It  occurs  at  both  the  Atane  and  Patoot  horizons  in  Greenland  and  is  a  common  form 
in  the  Woodbine  sand  of  Texas,  wliich  is  regarded  as  the  southern  equivalent  of  the  Dakota 
sandstone.  In  the  east  it  is  probably  confined  to  post-Raritan  deposits,  although  there  is  some 
doubt  regarding  the  age  of  the  morainic  material  on  Staten  Island  from  which  it  has  been 
recorded  by  Hollick.  It  is  common  in  the  Magothy  formation  of  New  Jersey,  but  has  not 
heretofore  been  recorded  from  the  southern  Coastal  Plain,  although  it  will  probably  be  found 
to  be  a  member  of  the  Tuscaloosa  flora  when  the  Alabama  collections  are  thoroughly  studied. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Langley,  Aiken 
County.      (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Family  CELASTRACEffl. 

Genus  PACHYSTIMA  Kafinesque. 

PaCHYSTIMA  ?    CRETACEA   sp.  nOV. 

Plate  X,  figure  (!. 

Description. — Leaves  of  small  size,  oblong  or  obovate  in  outline,  with  a  rounded  apex  and 
a  narrowed  descending  base,  about  2  centimeters  in  length  by  3  milUmeters  in  greatest  width. 
Texture  coriaceous.  Petiole  short  and  stout.  Midrib  stout.  Secondaries  numerous,  fine, 
immersed,  ascendmg. 

This  species  is  totally  unlike  any  described  fossil  forms  and  closely  resembles  the  leaves  of 
the  existing  species  of  Pacliystima,  of  which  only  two  are  knowTi,  one  from  the  East  and  one 
from  the  Rocky  Mountain  area.  They  are  shrubs  of  dry  situations  with  evergreen,  more  or 
8069°— 14 4 
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less  revolute  leaves.  The  writer  feels  much  doubt  about  this  identification,  and  it  is  possible 
that  tills  species  represents  the  excessively  narrowed  leaves  of  AcaciaphyUites  greviUeoides  Berry 
collected  from  the  same  locality.  Pachystima  is  unknown  in  the  fossil  state  elsewhere  except 
for  a  recently  described  species  from  the  ^Miocene  of  Florissant,  Colo. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — ^U.  S.  National  Museum. 

Genus  CEXiASTROPHYLLUM  Goeppert. 

Celastrophyllum  elegans  Berry. 
Plate  XIV,  figure  11. 

Celastrophyllum  elegans  Berry,  Bull.  New  York  Bot.  Garden,  vol.  3,  1903,  p.  84,  PI.  XLIII,  fig.  6. 
Celastrophyllum  elegam  Berry,  Bull.  Torrey  Bot.  Club,  vol.  32,  1905,  p.  46,  PI.  II,  fig.  1. 

Description. — ^Leaves  obovate  in  outhne  with  a  broadly  rounded  apex  and  cuneate  pointed 
base,  6  to  8  centimeters  in  length  by  2  centimeters  or  sUglitly  more  in  greatest  width,  wliich  is 
in  the  middle  part  of  the  leaf.  Margin  entire  below  with  undulate  shallow  teeth  above.  Sec- 
ondaries numerous,  branching  at  angles  of  more  than  45°,  rather  straight,  parallel,  camptodrome. 

Tliis  species  is  quite  distinct  from  any  other  species  of  Celastrophyllum,  although  it  shows 
some  points  of  similarity  with  the  abundant  Raritan  and  Dakota  species.  It  was  described 
from  the  Magothy  formation  of  New  Jersey,  the  occurrence  in  South  CaroUna  being  the  first 
recorded  outside  of  the  type  area.  It  is  rare  in  South  Carolina  and  not  especially  well  preserved, 
the  material  differing  from  the  type  in  the  somewhat  more  numerous  secondaries. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  Rocky  Point,  Sumter 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — ^U.  S.  National  Museum. 

Celastrophyllum  crenatum  Heer. 

Celastrophyllum  crenatum  Heer,  Flora  fossilis  arctica,  vol.  7,  1883,  p.  41,  PI.  LXII,  fig.  21. 

Celastrophyllum,  crenatum  Smitli,  On  the  geology  of  the  Coastal  Plain  of  Alabama,  1894,  p.  348. 

Celastrophyllum  crenatum  Newberry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  99, 

PI.  XLVIII,  figs.  1-19. 
Celastrophyllum  crenatum  Berry,  Bull.  Torrey  Bot.  Club,  vol.  34,  1907,  p.  197,  PI.  XIII,  fig.  5. 

Description. — Leaves  very  variable  in  size,  2  to  8  centimeters  in  length  by  1  to  5  centimeters 
in  width,  ovate  or  eliptical  in  outline,  broadly  rounded  above,  narrowed  and  generally  inequi- 
lateral below.  Margins  entire  below,  coarsely  toothed  above,  with  somewhat  variable,  rounded, 
crenate,  or  crenato-dentate  teeth.  A  few  specimens  are  entire  throughout  and  some  have  a 
markedly  inequilateral  base.  Midrib  fairly  stout.  Secondaries  numerous,  nine  or  ten  parrs, 
subopposite,  brandling  from  the  midrib  at  angles  somewhat  in  excess  of  45°,  slightly  curved 
upward  and  parallel,  brandling  near  the  margin  to  form  festoons  from  which  branches  enter 
the  marginal  teeth. 

Tliis  species  was  described  by  Heer  from  the  Patoot  beds  of  Greenland  and  unfortunately 
only  a  single  small  leaf  was  figured.  The  Raritan  leaves,  wliich  are  abundant,  grade  into 
much  larger  forms  that  are  also  present  in  the  Black  Creek  formation  of  North  Carolina  and 
the  Tuscaloosa  formation  of  Alabama. 

The  species  is  rare  in  South  Carolina,  fragmentary  specimens  being  sparsely  represented  in 
the  Ikliddendorf  collections.  The  genus  is  characteristic  of  the  late  Lower  Cretaceous  and  early 
Upper  Cretaceous  of  eastern  North  America  and  is  not  known  anywhere  from  beds  of  Montana 
or  Senonian  age. 

Occurrence. — ^Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf,  Ches- 
terfield County.     (Collected  by  L.  "W.  Stephenson  and  E.  W.  Berry.) 

Collections. — \J.  S.  National  Museum. 


UPPER    CKETACEOUS    FLORA    OF    SOUTH    CAROLINA.  51 

Celastrophtllum  carolinensis  sp.  nov. 
Plate  Xril,  figures  1-5. 

Description.— Leaves  lanceolate  in  outline,  with  a  pointed  apex  and  a  cuneate  base,  about 
14  centimeters  in  length  by  2.9  centimeters  in  greatest  width,  wliich  is  about  midway  between 
the  apex  and  the  base,  tapering  equally  in  both  directions.  Midrib  stout,  rather  flexuous. 
Secondaries  numerous,  tlun,  branching  from  the  midrib  at  acute  angiles  of  45°  or  less,  curvin"' 
upward,  usually  camptoch-ome,  a  few  craspedodrome  in  the  upper  part  of  the  leaf,'  sending 
tertiary  branches  into  the  marginal  teeth.  Margin  entu-e  for  a  short  distance  at  the  base, 
above  wliich  it  is  crenate  or  biconvex,  the  teeth  large  and  interspersed  with  smaller  subordinate 
teeth  of  the  same  character.     Leaf  substance  tliin. 

Tliis  striking  form  is  rather  common  at  the  locality  near  Langley,  but  all  the  leaves  are 
much  broken,  though  fragments  of  aU  parts  of  the  leaf  are  present,  and  fully  warrant  the 
restoration  shown  in  figure  5  of  the  plate. 

Tliis  species  has  been  com]>ared  with  a  very  large  amount  of  existing  material  in  the 
herbaria  of  the  New  York  Botanical  Garden  and  the  United  States  National  Museum.  It 
shows  analogies  with  a  variety  of  existing  genera,  as  for  example,  Cunonia,  Clerodendi-on, 
Symplocos,  Ternstromia,  CalJicarpa,  Panax,  and  other  forms,  but  is  beUeved  to  find  its  nearest 
relatives  among  the  Celastracese.  It  is  not  close  to  any  described  fossil  species,  although  there 
is  a  general  resemblance  to  a  number  of  the  American  Cretaceous  species  of  CelastrophyUum. 
There  is  also  a  general  resemblance  to  Grevilleophyllum  constans  '  and  Aralia  coriacea,^  both 
Cenomanian  species  described  by  Velenovsky  from  Bohemia.  Leaves  of  this  sort  have  also 
been  referred  to  Dryancboides  (cf.  guercinea  Velenovsky),  Myrica  (cf.  serrata  Velenovsky), 
Quercus,  and  Fraxinus. 

Occurrence.— Middendorf  arkose  member  of  Black  Creek  formation,  near  Langley,  iViken 
County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — ^U.  S.  National  Museum. 

Family  ANACABDIACEiE. 

Genus  RHTJS  Linne. 

Rhus  darlingtonensis  sp.  nov. 

Plate  IX,  figures  7  and  8. 

Description. — ^Leaflets  large,  broadly  ovate  in  outhne,  with  an  obtusely  pointed  apex 
and  a  rounded  base,  about  9  or  10  centimeters  in  length  by  4.5  centimeters  in  greatest  width, 
which  is  the  middle  or  lower  half  of  the  leaf.  Texture  subcoriaceous.  Margin  dentate,  crenate, 
or  scalloped,  with  subordinate  crenulations.  Midi-ib  straight,  fakly  stout.  Secondaries  con- 
sisting of  about  nine  subopposite  or  alternate  pairs,  branching  from  the  midrib  at  obtuse  angles 
of  about  60°,  approximately  parallel,  sUghtly  curved,  craspedodrome,  terminating  in  the  main 
marginal  teeth  and  sending  short  outwardly  and  downwardly  directed  branches  to  the  subordi- 
nate teeth.     Bulk  of  tertiaries  transverse. 

Tliis  large  and  evidently  handsome  species  is  based  upon  abundant,  but  very  poorly  pre- 
served material,  the  two  best  specimens  being  those  figured.  In  general  appearance  it  suggests 
the  less  elongate  and  broader  leaves  of  Myrica  elegans  Berry,  but  it  is  a  much  larger  and  broader 
leaf  with  more  open  secondaries. 

Five  Cretaceous  species  of  Rhus  have  been  described,  three  from  the  Dakota  sandstone  and 
two  from  Europe,  one  of  the  latter  being  also  recorded  from  Glen  Cove,  Long  Island,  by  HoUick. 
The  South  CaroHna  species  is  very  cUfferent  from  all  these  and  is  much  more  modern  in  appear- 
ance, suggesting  a  number  of  Tertiary  species  of  Rhus  and  closely  resemblmg  the  larger,  less 

1  Velenovsky,  J.,  Die  Flora  der  bohmischen  Kreideformation,  pt.  2, 1883,  p.  3,  PI.  I,  flgs.  &-10. 
-  Idem,  pt.  3, 1884,  p.  11,  Pis.  I,  figs.  1-9;  II,  fig.  2. 
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elongate  leaves  of  the  existing  Rhus  glabra  Linne;  in  fact,  leaves  of  the  latter  can  be  selected 
which,  except  for  the  more  acute  teeth,  are  exactly  Hke  this  Cretaceous  form. 

Occurrence. — ^Black  Creek  formation,  near  Darlington,  Darlington  County.  (Collected  by 
L.  W.  Stephenson.) 

Collections. ^U.  S.  National  Museum. 

Order  THYMEIiEAIiES. 

Family  LAUBACEffi. 

Genus  IiAURTJS  linne. 

Laurus  PLtrroNiA  Heer. 

Plates  XI,  figure  2,  and  XIII,  figure  6. 

Laurus  plutonia  Heer,  Flora  fossilis  arctica,  vol.  6,  Abth.  2,  1882,  p.  75,  Pis.  XIX,  figs.  Id.  2^;  XX,  figs.  .Sa,  4-5; 

XXIV,  fig.  01);  XXVIII,  figs.  10  and  11;  and  XLII,  fig.  4b. 
Laurus  plutonia  Heer,  idem,  vol.  7,  1883,  p.  30,  Pis.  LVIII,  fig.  2,  and  LXII,  fig.  la. 

Laurus  plutonia  Velenuvsky,  Die  Flora  der  boliinischen  Kreideformation,  pt.  3,  1884,  p.  1,  PI.  IV,  figs.  2-4. 
Lauras  plutonia  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  91,  Pis.  XIII, 

figs.  5  and  6,  and  XXII,  fig.  5. 
Laurus  plutonia  Lesquereux,  Geol.  and  Nat.  Hist.  Survey  Minnesota,  vol.  3,  pt.  1,  1895,  p.  14,  Pis.  A,  i\f.  6,  and  B, 

fig.  5. 
Laurus  plutonia  Newbeiry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  85,  PI.  XVI, 

figs.  10  and  11. 
Laurus  plutonia  Hollick,  Annals  New  York  Acad.  Sci.,  vol.  11,  1898,  p.  60,  PI.  IV,  figs.  6  and  7 
Laurus  plutonia  ?  Gould,  Am.  Jour.  Sci,,  4th  ser.,  vol.  5,  1898,  p.  175. 
Laurus  plutonia  Berry,  Bull.  New  York  Bot.  Garden,  vol.  3,  1903,  p.  79,  PI.  L,  figs.  9-11 
Laurus  plutonia  Berry,  Bull.  Torrey  Bot.  Club,  vol.  31,  1904,  p.  77,  PI.  Ill,  fig.  1. 
Laurus  plutonia  Berry,  idem,  vol.  33,  1906,  p.  178. 

Laurus  plutonia  Berry,  Ann.  Kept.  State  Geologist  New  Jersey  for  1905,  1906,  pp.  138  and  139. 
Laurus  plutonia  Hulliek,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U,  S.  Geol.  Survey, 

vol.  50,  1907,  p.  80,  Pis.  XXVII,  figs.  9  and  11,  and  XXVIII,  figs.  1  and  2. 

Description. — Leaves  lanceolate  in  outline,  usually  tapering  almost  equally  in  both  directions 
but  some  specimens  less  acute  at  the  base.  Length,  7  to  11  centimeters;  greatest  width,  1.5 
to  2.5  centhneters.  Midrib  fairly  stout.  Petiole  short  and  stout,  6  to  15  millimeters  in  length. 
Secondaries  slender,  eight  or  more  alternate  pairs,  camptodrome. 

This  species  was  described  by  Heer  from  the  Atane  beds  of  Greenland  and  a  large  number 
of  somewhat  variable  and  fragmentary  specimens  were  figured.  Prof.  Newberry  subse- 
quently recorded  specimens  from  the  Raritan  formation  of  New  Jersey  without  giving  any 
specific  localities.  Those  figured  show  leaves  which  are  relatively  wider  than  is  usual  with 
leaves  of  this  species,  but  these  are  comparable  with  some  of  Heer's  Greenland  specimens.' 
Entirely  typical  leaves  occur  in  the  top  layer  of  the  Raritan  at  the  Hylton  pits  in  southwestern 
New  Jersey. 

Subsequent  to  its  description  by  Heer  this  species  was  recorded  from  a  very  large  number 
of  Cretaceous  plant  beds,  so  that  its  present  range,  both  geographic  and  geologic,  is  rather 
wide.  Some  of  these  records  the  writer  believes  to  be  not  altogether  above  question,  however, 
among  those  of  which  doubt  is  felt  being  the  identifications  of  the  forms  from  the  Cenomanian 
of  Bohemia  by  Velenovsky. 

It  is  evidently  a  rare  plant  in  the  Raritan  but  becomes  abundant  in  immediately  succeeding 
floras,  being  common  in  that  of  the  Dakota  sandstone  and  in  the  Magothy  formation  at  a  number 
of  localities  in  New  Jersey  and  Maryland.  It  is  a  common  form  in  the  insular  Cretaceous  floras 
and  also  occurs  in  the  South  Atlantic  Coastal  Plain.  Supposed  fruits  are  figured  by  Heer.' 
In  South  Carolina  this  species  is  represented  by  tj'pical  leaves  that  are  not  at  all  imconmion. 
It  has  not  been  detected  in  the  North  Carolina  Cretaceous,  although  it  ranges  from  the  base 
to  the  top  of  the  Tuscaloosa  formation  in  Alabama. 

'Op.  cit.,  vol.  fi,  Abth.  2,  1SS2,  Pis.  XX,  figs.  5  and  11.  'Op.  cit.,  PI.  XLII,  fig.  4b. 
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Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf. 
Chesterfipld  County;  near  Langlev,  Aiken  County.  (Collected  bv  L.  W.  Stephenson  and  E  W 
Berry.) 

Collections. — U.  S.  National  Museum. 

Laurus  atanensis  nom.  nov. 
Plate  XIII,  figure  7. 

Laurus  angusta  Heer,  Flora  fossili?  arctica,  vol.  6,  Abtb.   2,  1882,  p.  76,  Pis,  XX,  figs,  lb  and  7,  and  XLIII    fig.  Ic 

(non  Rafinesque). 
Laurus  angusta  Heer,  idem,  vol.  7,  1883,  p.  30,  PI.  LVII,  fig.  lb. 
Laurus  angusta  Lesquereux,  Tbe  flora  of  tbe  Dakota  group:  Mon.  U.  S.  Geol.  Survev,  vol    17    1892   n   93    PI   XVI 

fig.  7.  -  •  .  f •      ,       ■  , 

Laurus  angusta  Hollick,  Bull.  New  York  Bot.  Garden,  vol.  3,  1904,  p.  408,  PI.  LXX,  figs.  10  and  11. 
Laurus  angusta  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol    Survey 
vol.  50,  1907,  p.  81,  PI.  XXVII,  fig,^.  11  and  12. 

Description. — Leaves  entire,  linear-lanceolate,  tapering  about  equally  to  the  acuminate 
apex  and  base.  Length,  12  centimeters  or  less;  some  of  Heer's  Greenland  material  ranging 
considerably  under  this  dimension.  Width,  about  1.5  centimeters.  Midrib  relatively  thm. 
Secondaries  thin,  somewhat  widely  separated,  branching  from  the  midrib  at  acute  angles,  45° 
or  less,  nine  to  twelve  alternate  pairs,  finally  ascending  along  the  margin,  camptodrome. 
Tertiaries  forming  the  characteristic  areolation  of  the  genus. 

Heer  originally  compared  this  species  with  Laurus  plutonia,  pointing  out  that  it  was  more 
linear  and  acuminate.  He  also  remarks  that  it  is  somewhat  smaller,  but  this  generalization 
has  been  found  not  to  hold  good,  even  for  the  Greenland  material.  The  primaries  are  sparser 
and  more  ascending  than  in  Laurus  plutonia  and  the  more  linear  form  gives  the  leaf  a  decidedly 
different  aspect.  There  can  be  no  doubt  that  the  two  are  perfectly  distinct  species,  naturally 
possessing  certain  lauraceous  characters  in  common. 

Heer's  name  for  this  species  is  preoccupied  by  that  given  by  Rafinesque  to  an  existing 
species,  so  that  a  new  name  is  necessary,  the  one  proposed  being  given  in  allusion  to  the  type 
locality. 

Laurels  atanensis  was  described  from  the  Atane  beds  of  Greenland  and  was  subsequently 
recorded  from  the  Patoot  beds.  Lesquereux  identified  it  from  the  Dakota  sandstone  of  Kansas 
and  Hollick  has  recorded  it  from  the  clays  of  Northport,  Long  Island,  which  are  probably  of 
Magothy  age.  It  has  not  been  detected  from  the  southern  Atlantic  Coastal  Plain,  although  it 
may  well  be  present  in  the  imstudied  collections  from  the  Magothy  formation  cf  Maryland  and 
from  the  Tuscaloosa  formation  of  Alabama. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation.  Rocky  Point,  Sumter 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Genus  LATJROPHYLLUM  Goeppert. 

Laltrophtllum  elegans  Hollick. 

Plate  XII,  figure  6. 

Laurus  plutonia  Hollick,  Trans.  New  York  Acad.  Sci.,  vol.  11,  1892,  p.  99,  PI.  Ill,  figs.  3  and  4. 

Laurus  plutonia  Hollick,  idem,  vol.  12,  1893,  p.  236,  PI.  VI,  fig.  1  (non  Heer). 

Proteoides  dapJinogenoides  Hollick,  Annals  New  York  Acad.  Sci.,  vol.  2,  1898,  p.  420,  PI.  XXXVI,  fig.  2  (non  Heer). 

Laurophyllum  ehgans  Hollick,  The  Cretaceous  flora  of  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey,  vol. 

50,  1907,  p.  81,  PI.  XXVII,  figs.  1-5. 
Laurophylluvi  ehgans  Berry,  Bull.  Torrey  Bot.  Club,  vol.  37,  1910,  pp.  26,  198. 

Description. — Leaves  elongate-lanceolate,  somewhat  flexuous,  about  12  or  13  centimeters 
in  length  by  about  2  centimet/ers  in  greatest  width,  which  is  about  midway  between  the  apex 
and  the  base:  from  this  point  they  narrow  gradually  apically  into  an  attenuated  acuminate, 
usually  curved  tip,  and  basally  into  a  long,  narrowly  cuneate  base.  Midrib  and  petiole  stout. 
Secondaries  numerous,  usuall}^  less  close  and  somewhat  coarser  than  in  LaurophyTlum  nervil- 
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losum,  branching  from  the  midrib  at  an  acute  angle  below,  which  becomes  more  open  above  the 
base  of  the  leaf;  they  arc  usually  more  curved  than  in  LauropTiyUum  nerviUosum  and  more 
distinctly  camptodrome.     Tertiaries  transverse  throughout. 

These  leaves  were  recorded  originally  by  HoUick  as  Laurus  plutonia  Heer  and  were  later 
compared  with  Laurus  angusta  Heer,  which  latter  species  they  resemble  more  than  they  do  the 
former.  In  outline  they  are  not  imlike  Laurophyllum  angustifolium  Newberry,  from  the  Raritan 
formation  of  Woodbridge,  N.  J.,  but  differ  decidedly  in  venation.  They  are  also  simOar  but 
quite  distinct  from  LauropTiyUum  nerviUosum  Hollick,  of  the  East,  and  LauropTiyUum  reticulatum 
Lesquereux,  of  the  Dakota  sandstone. 

The  type  was  obtained  from  transported  materials  associated  with  the  terminal  moraine, 
from  which  numerous  specimens  have  been  collected.  Those  from  Tottenville,  Statcn  Island, 
are  undoubtedly  of  Raritan  age,  but  those  from  Glen  Cove  may  have  come  originally  from  the 
Magothy  formation,  although  they  are  probabl}^  Raritan.  The  species  is  certainly  known  from 
the  upper  part  of  the  Raritan  at  South  Amboy,  N.  J.,  and  is  common  in  the  Magothy  formation 
of  Maryland.  It  is  sparsely  represented  in  the  Black  Creek  formation  of  North  Carohna  and  is 
not  uncommon  near  Middendorf,  the  latter  specimens  being  slightly  broader  and  consequently 
having  fewer  secondaries  ascending  than  the  tj^e  specimens. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berrj^.) 

CoUections. — U.  S.  National  Museum. 

Laurophyllum  nervillosum  Hollick. 
Plate  XII,  figure  7. 

Proteoides  daphnogenoides  Hollick,  Annals  New  York  Acad.  Sci.,  vol.  2,  1898,  p.  420,  PI.  XXXVI,  figs.  1  and  3  (non 

Heer). 
Laurophyllum  nerviUosum  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol. 

Siu-vey,  vol.  50,  1907,  p.  82,  PI.  XXVII,  figs.  6,  7. 
Laurophyllum  nerviUosum  Berry,  Bull.  Torrey  Bot.  Club,  vol.  36,  1909,  p.  255. 

Description. — Leaves  of  comparatively  large  size,  oblong-lanceolate  in  outline,  about  15 
centimeters  in  length  by  about  2.5  centimeters  in  gi-eatest  width,  which  is  about  midway  between 
the  apex  and  the  base.  Apex  acuminate.  Base  pointed,  narrowly  cuneate.  Midrib  stout. 
Secondaries  thin,  close,  parallel,  branching  from  the  midrib  at  angles  not  exceeding  and  usually 
somewhat  less  than  45°,  ascending,  nearly  straight  or  somewhat  flexuous,  connected  by  trans- 
verse nerviUes,  branching  and  inosculating  near  the  margin,  where  they  merge  in  the  tertiary 
venation. 

This  species  was  described  originally  from  the  terminal  moraine  at  Tottenville,  Staten 
Island,  and  imdoubtedly  represents  transported  Raritan  materials.  It  is  also  present  in  the 
lower  part  of  the  Raritan  formation  at  Milltown,  N.  J.,  and  is  not  uncommon  in  the  South 
CaroUna  Cretaceous.  It  is  somewhat  like  LauropTiyUum  lanceolatum  Newberry,  but  has  a 
markedly  different  venation  and  a  less  lanceolate  outline.  It  is  also  quite  close  to  LauropTiyUum 
degans  Hollick,  which  is,  however,  a  more  slender  lanceolate  leaf,  having  narrowly  produced 
apex  and  base  and  a  somewhat  coarser  venation,  with  camptodrome  secondaries,  less  close  and 
more  curved. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf,  Ches- 
terfield County.  Black  Creek  formation,  near  Darlington,  Darlington  County.  (Collected  by 
L.  W.  Stephenson  and  E.  W.  Berry.) 

CoUections. — U.  S.  National  Museum. 

Genus  CINNAMOMTTM  Blume. 

CiNNAMOMUM    NEWBERRYI    nom.  nOV. 

Plate  IX,  figures  12  and  13. 

This  species  is  described  in  the  section  of  this  report  dealing  with  the  Upper  Cretaceous 
flora  of  Georgia  (pp.  117-118).     The  South  CaroUna  remains  referred  to  it  are  few  and  poor, 


UPPEK    CRETACEOUS    FLORA    OF    SOUTH    CAROLINA.  55 

and  include  fragments  of  rather  large  leaves  from  Eocky  Point  and  doubtfully  determined 
fragments  from  the  banks  of  Congaree  River. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  Rock}^  Point,  Sumter 
County;  right  bank  of  Congaree  River,  about  2.5  miles  below  Columbia,  Lexington  County. 
(Collected  by  E.  W.  Berry,  B.  L.  Miller,  and  M.  W.  Twitchell.) 

Collections. — U.  S.  National  Museum. 

ClNNAlIOMUM    MEDDENDORFENSIS    Sp.  nOV. 
Plates  VIII,  figure  14,  and  IX,  figure  1. 

Description. — Leaves  lanceolate  in  outline,  somewhat  widened  toward  the  acute  base. 
Length  8  to  10  centimeters;  greatest  wadth,  1.7  to  2.4  centimeters  in  the  basal  half  of  the  leaf, 
the  margins  narrowing  graduaUy  upward  to  produce  the  very  much  extended,  acutely  pointed 
apex.  Primaries  three,  from  the  top  of  the  petiole,  the  midrib  being  slightly  the  more  promi- 
nent. Angles  of  divergence  acute,  20°  to  2.5°.  The  lateral  primaries  assume  a  course  approxi- 
mately parallel  to  the  midrib  about  half  way  between  the  latter  and  the  margins  and  extend 
well  into  the  tip  of  the  leaf,  fuiaUy  joining  a  short,  upwardly  curving  secondary  from  the  mid- 
rib. Tertiaries  numerous,  transverse,  nearly  straight,  and  parallel.  From  the  extreme  base 
on  either  side  a  marginal  vein  extends  upward  from  one-third  to  one-half  the  distance  to  the 
apex,'  joining  the  ends  of  the  transverse  tertiaries  which  extend  outward  from  the  lateral 
primaries,  above  which  upwardly  cm'ved  camptodi'ome  secondaries  are  given  off.  Texture 
coriaceous. 

This  is  an  exceedingly  weU-marked  and  handsome  species,  entirely  distmct  from  any 
Cretaceous  forms  hitherto  described.  It  is  a  tj'pical  Cinnamomum  in  all  its  characteristics, 
although  it  may  be  compared  \vith  a  variety  of  tropical  genera  such  as  Leucosyke  and  Zizj^hus. 
It  bears  some  resemblance  to  the  Bohemian  Cenomamian  forms  described  by  Velenovsky '  as 
Cocculus  cinnamomeus  and  is  strikingly  like  certain  existing  Oriental  species  of  Cinnamomum, 
as,  for  example,  Cinnamomum  chinense  Blume  or  Cinnanfwmum  albiflorum  Rees.  It  is  also  close 
to  various  Tertiary  species  referred  to  this  genus. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County.      (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Order  MYRTALES. 

Family  MYRTACE^ffi. 

Genus  EUCALYPTUS  L'Heritier. 

Eucalyptus  axgusta  Velenovsky. 

Plate  XrV,  figure  2. 

Eucalyptus  angusta  Velenovsky,  Die  Flora  der  bohmisclien  Kreideformation,  pt.  4,  18S5,  p.  3,  PI.  Ill,  figs.  2-12. 
Eucalyptus  angusta  Velenovsky,  Kvetena  cesk^'ho  cenomanu,  1889,  p.  21,  PI.  VI,  fig.  1. 
?  Eucalyptus  angusta  Saporta,  Flore  fossile  du  Portugal,  1894,  p.  207,  PI.  XXXVI,  fig.  12. 
Eucalyptus  angusta  Berrj',  Bull.  Torrey  Bot.  Club,  vol.  36,  1909,  p.  2G0,  PI.  XVIII,  fig.  5. 

Description. — The  following  is  Vclenov.  ky's  description  of  this  interesting  species: 

Blatter  lineal,  schmal  lineallanzettlicli,  in  derilitte  oder  in  der  unteren  Halfte  am  breitesten,  ganzandig,  vorne 
in  eine  sehr  lange  Spitze  vorgezogen  und  mit  einem  liarten  Dorn  beendet.  Der  Prima rnerv  gerade,  ziemlich  stark, 
zur  Spitze  liin  -verdiinnt.  Die  SecundarnervenahLrich,  unter  spitzen  Winkeln  entspringend,  am  Rande  durch  einen 
Saumnerv'  untereinander  verbunden.     Der  Blattsteil  gerade,  etwa  1  cm.  lang,  stark. 

This  species  is  exceedingly  common  at  a  number  of  locaUties  in  the  Perucer-schichten  of 
Bohemia  (Cenomanian),  where  Velenovsky  subsequent^  found  fruit-bearing  twigs  which  he 
described  and  figured  in  1SS9  and  which,  it  would  seem,  conclusively  estabhsh  the  botanic 
relations  of  these  leaves. 

I  Velenovsky,  J.,  Die  Flora  der  bShmisclien  Kreideformation,  pt.  i,  1SS5,  p.  4  (65),  PI.  VIU  (31),  figs.  16-21. 
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Subsequently  Saporta  recorded  this  species  from  the  Albian  beds  of  Portugal;  the 
latter  material  is,  however,  rather  incomplete  and  open  to  question.  Recent  collections  in  our 
Atlantic  Coastal  Plain  show  that  this  species  was  present  in  considerable  abundance  on  this 
side  of  the  Atlantic  at  the  same  time  that  it  flourished  in  Europe.  It  has  been  collected  from 
the  upper  part  of  the  Raritan  formation  at  South  Amboy,  N.  J.,  where  it  is  common,  and  from 
the  Black  Creek  formation  of  South  Carolina,  where  it  is  associated  with  Araucaria  hladenensis 
Berry  just  as  it  is  in  Georgia.  It  may  be  somewhat  more  fully  characterized  as  follows:  Leaves 
alternate  or  scattered,  mostly  elongated,  linear-lanceolate,  many  falcate,  4.5  to  15  centimeters 
in  length  by  5  to  13.5  millimeters  in  width,  with  an  attenuated  acute  tip  and  a  narrowly  cuneate 
base  declining  to  the  short  and  stout  petiole.  Midrib  moderately  stout  below,  becoming 
attenuated  above.  Secondaries  very  numerous,  fine,  and  close,  about  1  millimeter  apart, 
parallel,  rather  straight;  they  branch  from  the  midrib  at  acute  angles  of  about  30°  or  slightly 
less  and  run  with  slight  curvature  to  join  the  well-marked  but  fine  marginal  hem,  which 
shows  in  all  the  American  material  and  in  most  of  the  illustrations  of  the  foreign  material. 

In  aU  respects  this  is  one  of  the  most  characteristically  Eucalyptus-like  species  of  the 
many  which  have  been  identified  as  such;  and  its  totahty  of  characters,  combined  with  the 
presence  of  attached  fruits  in  the  Bohemian  material,  which  are  not  unlike  some  of  those  of 
modern  forms,  renders  the  identification  very  satisfactory. 

Occurrence. — Black  Creek  formation,  right  bank  of  Black  Creek,  below  Wilhamson's  bridge, 
Florence  County.     (Collected  by  L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museum. 

Eucalyptus  geinitzi  (Heer)  Heer. 

Plates  XIII,  figures  8-12,  and  XIV,  figure  1. 

Myrtophyllum  geinitzi  Heer,  Flora  von  Moletein,  1872,  p.  22,  PI.  XI,  fig.  3,  4. 

Myrtophyllum  geinitzi  Heer,  Flora  fossilis  arctica,  vol.  3,  Abth.  2,  1874,  p.  116,  PI.  XXXII,  figs.  14-17. 

Eucalyptus  geinitzi  Heer,  idem,  vol.  6,  Abth.  2,  1882,  p.  93,  Pis.  XIX,  fig.  ic,  aud  IV,  fig.  1,  13. 

EluxilyptiiS  geinitzi  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  138,  PI. 

XXXVII,  fig.  20. 
Myrtophyllum  warderi  Lesquereux,  idem,  1892,  p.  136,  PI.  LIII,  p.  53,  fig.  10. 
Eucalyptus"!  angustifolia  Newberry,  The  flora  of  the  Amboy  clays:  Men.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  Ill, 

PI.  XXXII,  figs.  1,  6,  and  7  (non  Desvaux  1822). 
Eucalyptus  geinitzi  Newberry,  idem,  1896,  p.  110,  PI.  XXXII,  figs.  2  and  12  (non  figs.  1.5,  16  . 
Eucalyptus  geinitzi  HoUick,  Annals  New  York  Acad.  Sci.,  vol.  11,  1898,  p.  60,  PI.  IV,  figs.  1-3. 
Eucalyptus  geinitzi  Berry,  Bull.  New  York  Bot.  Garden,  vol.  3,  1903,  p.  87,  PI.  LIII,  fig.  3. 
Eucalyptust  angustifolia  Hollick,  idem,  vol.  3,  1904,  p.  408,  PI.  LXX,  figs.  8  and  9. 
Eucalyptus  geinitzi  Berry,  Bull.  Torrey  Bot.  Club,  vol.  31,  1904,  p.  78,  pi.  IV,  fig.  5. 
Eucalyptus  geinitzi  Berry,  idem,  vol.  33,  1906,  p.  180. 
Eucalyptus  geinitzi  Berry,  idem,  vol.  34,  1907,  p.  201,  PI.  XV,  fig.  4. 
Eucalyptus  geinitzi  Berry,  Johns  Hopkins  LTniv.  Circ,  new  ser..  No.  7,  1907,  p.  81. 
Eucalyptus  geinitzi  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey, 

vol.  50,  1907,  p.  96,  PL  XXXV,  figs.  1-8,  10-12. 
Myrtophyllum  warden  Hollick,  idem,  p.  97,  PI.  XXXV,  fig.  13. 
Eucalyptus  angustifolia  Hollick,  idem,  1907,  p.  95,  PL  XXXV,  figs.  9,  14,  and  15. 

Description. — Leaves  lanceolate  in  outUne,  broadest  near  the  middle  and  almost  equally 
tapering  in  both  directions  to  the  acute  apex  and  base.  There  is  considerable  variation  in  size, 
the  South  Carolina  leaves  averagmg  about  15  centimeters  in  length  by  2.2  centimeters  in 
greatest  width.  The  petiole  is  very  stout,  as  is  the  prominent  niidrib,  which  leaves  a  sharp 
groove  in  impressions  of  the  lower  surface  of  the  leaf.  Secondaries  numerous,  thin,  brandling 
from  the  midrib  at  acute  angles,  about  45°,  and  running  with  only  a  slight  curvature  to  the 
marginal  vein,  which  is  either  almost  straight  when  the  secondaries  are  close  set,  or  more  or 
less  bowed  when  the  secondaries  are  some  little  distance  apart,  as  they  are  in  many  specimens. 

This  species  has  an  especially  wide  range.  It  was  described  originally  from  the  Cenomanian 
of  Moravia,  and  has  since  been  recorded  from  a  number  of  other  European  localities,  from 
the  Atane  beds  of  Greenland  and  the  Dakota  sandstone  of  the  West,  and  from  Marthas  Vineyard 
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to  Alabama  along  the  Atlantic  Coast.  The  South  Carolina  material  is  abundant  and  charac- 
teristic, and  IS  certainly  identical  with  the  type,  whatever  may  be  thought  of  some  of  the  leaves 
which  have  been  identified  with  this  species. 

Occurrence.— Middendori  arkose  member  of  Black  Creek  formation,  near  Middendorf 
Chesterfield  County;  near  Langley,  Aiken  County;  Eocky  Point,  Sumter  County.  (CoUected 
by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Eucalyptus  wardiana  Berry  (?). 

Plate  XIV,  figures  3  and  4. 

Eucalyptus  ?  dubia  Berrj-,  Bull.  New  York  Bot.  Garden,  vol.  3,  1903,  p.  87,  PI.  LII,  fig.  1  (non  Ettingshausen) 

Eucalyptus  wardiana  Berry,  Bull.  Torrey  Bot.  Club,  vol.  32,  1905,  p.  47. 

Eucalyptus  uardiana  Berry,  idem,  vol.  33,  1906,  p.  180. 

Eucalyptus  wardiana  Berry,  Ann.  Kept.  State  Geologist  New  Jersey  for  1905,  1906,  pp.  138,  139,  and  141. 

Description.— Leaves  entire,  linear-lanceolate  in  outline,  with  an  acute  apex  and  cuneate 
base,  about  10  or  12  centimeters  in  length  by  1  to  1.6  centimeters  in  greatest  width.  Petiole 
stout,  of  considerable  length.  Midrib  stout.  Secondaries  numerous,  approximately  straight 
and  paraUel,  branching  from  the  midrib  at  angles  of  45°  to  50°,  theii  ends  connected  by  a 
marginal  vein,  which  is  straight  and  close  to  the  margin,  with  which  it  is  paraUel.  Tliis  species 
was  origmaUy  described  "by  the  writer  from  New  Jersey,  and  is  found  to  a  characteristic  species 
of  the  Magothy  formation  in  that  State  as  weU  as  in  Delaware  and  Maryland.  It  is  very  similar 
to  the  upper  Raritan  species,  Eucalyptus  linearifolia  Berry  {Eucalyptus  nervosa  Newberry), 
and  probably  the  forms  from  the  Tuscaloosa  formation  of  Alabama  correlated  by  Ward  with 
the  latter  species  are  referable  to  this  species.  The  South  Carohna  remains  agree  with  the 
type  material  from  New  Jersey  better  than  is  indicated  by  the  figures,  for  the  tj^e  figures  are 
not  accurate. 

This  species  may  also  be  compared  with  the  contemporaneous  Eucalyptus  angusia  Velenov- 
sky,  which  is,  however,  a  smaller,  falcate,  less  Unear  leaf  with  still  more  numerous  and  more 
ascending  secondaries. 

Occurrence.— mddendori  arkose  member  of  Black  Creek  formation,  i.car  Middendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Order  XJMBELLALES. 

Family  ARALIACEJE. 

Genus  HEDERA  Linne. 

Hedera  peimordialis  Saporta. 

Bedera  primordialis  Saporta,  Le  monde  des  plantes,  1879,  p.  200,  figs.  29,  1  and  2. 

Eedera  primordialis  Velenovsky,  Die  Flora  der  bohmischen  Kreideformation,  pt.  1,  1882,  p.  19,  Pis.  VIII,  fitr.  7-  IX 
figs.  4  and  5;  and  X,  figs.  3  and  4. 

flcrfera  pnmorAo/u  Newberrj-,  The  flora  of  the  Ambov  clavs:  Mon.  U.  S.  Geol.  Sur\'ey, vol  26  1896   p   113   Pis  XIX 
figs.  1  and  9  and  XXXVII,  figs.  1-7.  "  ,,,...., 

Bedera  primordialis  Berry,  Bull.  Torrey  Bot.  Club,  1907,  vol.  34.  p.  201,  PI.  XVI. 

Description. — Leaves  elliptical,  reniform  or  cordate  in  outhne,  very  variable  in  size  and 
shape.  Length  3  to  12  centimeters,  width  .3.2  to  12  centimeters,  generally  broader  than  long. 
Apex  rounded  or  obtusely  pointed,  in  some  specimens  slightly  emargmate.  Margin  somewhat 
irregular  but  entu-e.  Base  varies  from  truncate  to  deeply  cordate.  Petiole  long  and  stout, 
generally  not  preserved.  Venation  palmate  from  the  top  of  the  petiole.  Primaries  range  in 
number  from  three  to  seven,  usually  five  or  seven,  of  which  the  midrib  is  the  stoutest,  especially 
in  the  smaller  leaves.  The  lowest  pair  of  primaries,  which  are  approximately  parallel  with 
the  basal  margins  of  the  leaf,  are  smaller  in  size  than  the  others  and  should  be  regarded  as 
secondaries.     The  primaries  are  then  normally  five  in  number,  curved  and  camptodrome. 
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This  species  was  figured  by  Saporta  in  1879  from  the  Cenomanian  of  Bohemia  and  described 
three  years  later  by  Velenovsky  from  the  same  horizon.  Heer  identified  rather  fragmentary 
remains  from  the  Atane  beds  of  Greenland  with  this  species,  which  is  also  abundant  in  the 
Karitan  formation  of  Woodbridge,  N.  J.,  and  in  the  Black  Creek  formation  of  North  Caro- 
lina. It  varies  greatly  in  size  and  appearance,  some  of  the  smaller  specimens  from  abroad 
suggesting  the  genus  Cercis,  whereas  the  smaller  Earitan  leaves  suggest  somewhat  the  genus 
Ficus.  Of  these  variable  specimens  the  writer  is  disposed  to  consider  as  typical  those  shown  in 
Velenovsky's  Plate  X,  figure  4,  and  Saporta's  figure  2,  as  well  as  various  Woodbridge  specimens, 
which  are,  however,  mostly  incomplete. 

This  is  a  remarkably  widespread  species,  and  is  better  characterized  where  it  does  occur 
than  is  usual  in  cosmopolitan  types.  Although  the  modern  representation  of  this  genus  is 
reduced  to  two  species  in  Europe  and  northern  Africa  and  a  third  in  Japan,  it  seems  to  have 
been  a  more  or  less  prominent  type  in  the  Cretaceous  and  Tertiary  floras  of  the  globe.  In  addi- 
tion to  the  present  species,  which  has  the  wide  range  previously  mentioned,  8  or  10  additional 
Cretaceous  species,  mostly  American,  are  known.  The  Eocene,  both  of  America  and  Europe, 
furnishes  six  or  eight  species,  the  Oligocene  of  Europe  and  the  Arctic  regions  one  or  two  species, 
and  the  Miocene  and  Pliocene  two  or  three  additional.  The  modern  Old  World  Hedera  helix 
Linne  is  recorded  from  the  Pleistocene  (Interglacial)  of  England,  Italy,  and  the  Paris  basin, 
and  one  of  the  upper  JMiocene  species  appears  also  to  have  survived  into  the  Italian  Pleistocene. 
Although  so  abundant  in  our  Cretaceous  floras,  it  is  not  a  native  plant  in  the  existing  flora  of 
North  America. 

Occurrence. — Black  Creek  formation,  Peedee  River,  about  6  miles  below  Cheraw,  Chester- 
field County;  near  Darlington,  Darlington  County.  (Collected  by  E.  W.  Berry  and  L.  W. 
Stephenson.) 

Collections. — ^U.  S.  National  Museum. 

Order  EKICALES. 

Family  EKICACEffi. 

Genus  ANDROMEDA  lanne. 

Andromeda  nov^cjesare^  HoUick. 

Plate  XIV,  figures  5  and  6. 

Andromeda  novsecalcarese  Smith,  On  the  geology  of  the  Coastal  Plain  of  Alabama,  1894,  p.  348. 

Andromeda  novxcsesarese  llollick,  in  Newberry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896, 

p.  121,  PI.  XLII,  figs.  9-12,  28-31. 
Androvieda  novseciesarex  Berry,  Bull.  Torrey  Bot.  Club,  vol.  33,  1906,  p.  181. 
Andromeda  novascxsareae  Berry,  idem,  vol.  34,  1907,  p.  204. 

Descnption. — Leaves  small,  thick,  and  entire,  with  stout  petioles  and  midribs  and  obscure 
secondary  venation,  which  is  immersed  in  the  thick  lamina.  Length  2.5  to  5  centimeters. 
Width  varies  from  0.9  to  1.3  centimeters.  Venation  where  visible  shows  numerous  parallel, 
camptodrome,  relatively  long  and  thin  secondaries  which  branch  from  the  midrib  at  an  acute 
angle.  Though  the  majority  of  these  leaves  are  equally  acuminate  at  both  ends,  there  is 
a  great  deal  of  variation  in  this  respect,  and  a  considerable  number  of  specimens  which  are 
relatively  broader,  especially  in  the  upper  half,  exhibit  a  well-marked  tendency  toward  an 
obtusely  rounded  apex,  in  which  the  termination  of  the  midrib  shows  as  a  small  mucronate 
point.  The  base  in  these  forms  gradually  narrows  to  the  stout  petiole.  The  variations  in 
outline  of  this  species  are  well  shown  in  the  figures  reproduced  in  Newberry's  monograph,  the 
specimens  from  the  southern  Coastal  Plain  seeming  to  have  more  commonly  than  those  from 
New  Jersey  an  obtusely  rounded  apex. 

In  the  Raritan  formation  this  species  is  only  known  with  certainty  from  the  uppermost 
beds  at  South  Amboy,  N.  J.  It  becomes  more  abundant  in  the  overlying  Magothy  formation, 
occurring  from  New  Jersey  to  Maryland  in  beds  of  this  age.     Farther  south  it  is  found  as  one 
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of  the  typical  fossils  of  the  Black  Creek  formation  in  North  Carolina,  being  a  prominent  but 
never  abundant  element  in  the  dark  lignitic  laminated  clays  of  the  upper  beds,  associated  with 
Araucaria,  Cunnmghamites,  Pistia,  and  other  genera,  and  with  a  marine  fauna. 

It  also  occurs  in  clays  of  the  ]\Iiddendorf  member  of  the  Black  Creek  formation  of  South 
Carolina  and  in  the  Tuscaloosa  formation  of  Alabama,  and  was  one  of  the  few  leaves  which 
successfuly  resisted  maceration  in  the  shallow  shoreward  deposits  known  as  the  Cusseta  sand 
member  of  the  Ripley  formation  of  Georgia,  occurring  at  Buena  Vista  in  association  with 
Araucaria  hladenensis  just  as  it  does  along  Black  River  in  North  Carolina. 

Occurrence. — ^Middendorf  arkose  member  of  Black  Creek  formation,  near  ]VIiddendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Andromeda  grandifolia  Berry. 

Plate  XIV,  figure  10. 

Andromeda  latifolia  Smith,  On  the  geologj'  of  the  Coastal  Plain  in  Alabama,  1894,  p.  348. 

Andromeda  latifolia  Newberrj^,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  120,  Pis. 

XXXIII,  figs.  6-8,  10  (non  fig.  9);  XXXIV,  figs.  6-11;  and  XXXVI,  fig.  10  (non  Wright). 
Andromeda  latifolia  Hollick,  Bull.  New  York  Bot.  Garden,  vol.  3,  1904,  p.  416,  PI.  LXXIX,  fig.  3. 
Andromeda  latifolia  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey, 

vol.  50,  1907,  p.  100,  PI.  XXXIX,  fig.  1. 
Andromeda  grandifolia  Berry,  Bull.  Torrey  Bot.  Club,  vol.  34,  1907,  p.  204,  PL  XV,  fig.  3. 

Description. — Leaves  thick  and  coriaceous,  varying  considerably  in  size  and  shape.  From 
4  to  20  centimeters  in  length  by  1.5  to  7  centimeters  in  width.  Ovate-lanceolate  in  outline, 
with  an  entire,  usually  somewhat  undulate  or  unsjinmetrical  margin.  Apex  obtusely  pointed 
or  in  some  specimens  rounded.  Base  somewhat  wedge-shaped.  ^Midrib  and  petiole  verj'  stout. 
Secondaries  relatively  few,  six  to  eight  pairs,  stout  and  flexuous,  branching  from  the  midrib 
at  an  acute  angle  and  sweeping  upward  in  long  curves,  eventually  inosculating  to  complete 
the  strictly  camptodrome  venation. 

This  species  occurs  from  the  lower  part  of  the  Raritan  formation  of  New  Jersey  to  the  top 
of  the  eastern  leaf-bearing  Cretaceous.  It  is  a  not  uncommon  fossil  in  the  Magothy  formation, 
the  Black  Creek  formation  of  North  Carolina,  and  the  Tuscaloosa  formation  of  Alabama.  It 
is  larger,  relatively  broader,  and  less  regular  than  Andromeda  parlatorii  Heer,  the  two  leaves 
figured  on  Plate  XIV  showing  the  average  shape,  with  a  length  of  about  10  centimeters  and  a 
width  of  about  5  centimeters. 

Occurrence. — ^Middendorf  arkose  member  of  the  Black  Creek  formation.  Rocky  Point, 
Sumter  County.     (Collected  by  L.  F.  Ward  and  L.  C.  Glenn.) 

Collections. — U.  S.  National  Museum. 

Andromeda  euphorbiophylloides  sp.  nov. 
Plate  XIV,  figure  7. 

Description. — Leaves  small,  entire,  obovate-lanceolate,  with  a  broadly  rounded  apex  and 
a  nan-owed  cuneate  base,  about  5.3  centimeters  in  length  by  1.25  centimeters  in  greatest  width, 
which  is  in  the  apical  half  of  the  leaf.  Petiole  short  and  stout.  Midrib  stout.  Secondaries 
numerous,  approximately  parallel,  tliin,  branching  from  the  midrib  at  acute  angles,  long, 
ascending,  camptodrome.     Texture  coriaceous. 

This  species  m  its  size,  outline,  and  venation  is  referable  to  the  genus  Andromeda,  greatly 
resembling  some  of  the  obovate  leaves  of  the  contemporaneous  Andromeda  novsecsesarese,  Hollick, 
differing  in  its  more  elongate  form  and  straighter,  more  produced  base.  It  also  resembles  some 
of  the  leaves  of  the  Dakota  sandstone  referred  by  Lesquereux'  to  his  species  Eugenia  pnmxva 
but  is  more  oblanceolate,  with  less  full  margins  and  straighter  secondaries.  It  also  resembles, 
especially  in  its  general  form,  certain  curious  leaves  described  by  Saporta  from  the  Cenomanian 

1  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  Vol.  17, 1899,  p.  137,  PI.  LUI,  flg.  7. 
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of  Portugal '  and  from  the  Turonian  of  France,-  wliich  are  made  the  basis  of  a  new  genus, 
Eupliorbiophyllum,  and  referred  to  the  family  Euphorbiacese. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Middendorf, 
Chesterfield  County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Andromeda  parlatorii  Heer. 

Andromeda  parlatorii  Heer,  Phyllites  cr^tac^es  du  Nebraska,  1866,  p.  18,  PI.  I,  fig.  5. 

Prunus  ?  parlatorii  Lesquereux,  Am.  Jour.  Sci.,  2d  ser.,  vol.  46,  1868,  p.  102. 

Leucothoe  parlatorii  Schimper,  Paleontologie  vegetale,  vol.  3,  1874,  p.  11. 

Andromeda  parlatorii  Heer,  Flora  fossilis  arctica,  vol.  3,  Abth.  2,  1874,  p.  112,  PI.  XXXII,  figs.  1  and  2. 

Andromeda  parlatorii  Lesquereux,  The  Cretaceous  flora,  1874,  p.  88,  Pis.  XXIII,  figs.  6  and  7,  and  XXVIII,  fig.  15. 

Andromeda  parlatorii  Heer,  idem,  vol.  6,  Abth.  2,  1882,  p. 79,  Pis.  XXI,  figs,  lb  and  11,  and  XLII,  fig.  4c. 

Andromeda  parlatorii  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  115,  Pis. 

XIX,  fig.  1,  and  LII,  fig.  6. 
Andromeda  parlatorii  Smith,  On  the  geology  of  the  Coastal  Plain  of  Alabama,  1894,  p.  348. 
Andronuda  parlatorii  Newberry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  120,  Pis. 

XXXI,  figs.  1-7,  and  XXXIII,  figs.  1,  2,  4,  and  5. 
Andronuda  parlatorii  Hollick,  Annals  New  York  Acad.  Sci.,  vol.  11,  1898,  p.  420,  PI.  XXXVII,  figs.  1-1. 
Andromeda  parlatorii  Berry,  Bull.  New  York  Bot.  Garden,  vol.  3,  1903,  p.  97,  PI.  L,  figs.  1-4. 
Andromeda  parlatorii  Berry,  Bull.  Torrey  Bot,  Club,  vol.  31,  1904,  p.  79,  PI.  I,  figs.  1  and  2. 
Andromeda  parlatorii  Berry,  idem,  vol.  33,  1906,  p.  181. 
Andromeda  parlatorii  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey, 

vol.  50,  1907,  p.  101,  PI.  XXXIX,  figs.  2-5. 
Andromeda  parlatorii  Berry,  Bull.  Torrey  Bot.  Club,  vol.  34,  1907,  p.  203,  PI.  XV,  fig.  2. 
Andromeda  parlatorii  Berry,  Johns  Hopkins  Univ.  Circ,  new  ser.,  No.  7,  1907,  p.  81. 

Description. — Leaves  ovate-lanceolate  in  outhne,  with  a  long  and  gradually  narrowed  apex 
and  a  broad,  somewhat  rounded,  but  finally  cuneate  or  shghtly  decurrent  base.  Petiole  and 
midrib  stout.  Length  about  10  to  12  centimeters.  Width  about  3  centimeters  in  the  lower 
half  of  the  leaf.  Secondaries  numerous,  rather  tliin,  subparallel,  branching  from  the  midrib 
at  acute  angles,  long  and  ascending,  at  length  camptodrome.  Tertiaries  mostly  straight 
transverse.  There  is  considerable  variation  in  the  size  of  these  leaves  and  in  the  angle  which 
the  secondaries  form  with  the  midrib  and  consequently  in  their  length  and  degree  of  curvature. 
Some  of  the  specimens  are  much  hke  the  small  leaves  of  Andromeda  grandifolia  Berry,  but  are 
not  so  slender  nor  so  attenuated  apically  as  the  normal  leaves  of  that  species. 

This  species  was  first  described  by  Heer  in  one  of  the  earhest  published  accoimts  of  the 
flora  of  the  Dakota  sandstone,  and  it  has  since  been  foxmd  to  have  a  wide  geographic  range. 
It  is  one  of  the  commonest  fossils  in  the  Dakota  sandstone,  having  been  recorded  from  Minnesota, 
Kansas,  and  Nebraska.  In  eastern  North  America  it  is  recoided  from  the  Atane  beds  of 
Greenland,  the  Raritan  formation  of  New  Jersey,  the  Magothy  formation  of  Marthas  Vineyard, 
New  Jersey,  Delaware,  and  Maryland,  the  Black  Creek  formation  of  North  Carolina,  and  the 
Tuscaloosa  formation  of  western  Alabama. 

In  South  Carolina  this  species  has  not  been  found  in  any  abundance,  a  fact  explained 
entirely  by  accidents  of  preservation. 

The  genus  Andromeda  of  Linne  has  been  much  segregated  by  subsequent  taxonomists, 
and  this  tendency  to  segregation  is  reflected  in  Schimper's  proposal  to  refer  this  species  to  the 
genus  Leucothoe.  However,  the  more  comprehensive  name  has  obvious  advantages  for  the 
paleobotanist  where  it  is  impossible  to  discriminate  between  the  various  ericaceous  genera 
with  any  degree  of  acctiracy. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Langley,  Aiken 
County;  Rocky  Point,  Sumter  County  (?).     (Collected  by  E.  W.  Berry.) 

Collections. — L^.  S.  National  Museum. 

1  Saporta,  G.  de,  Flore  fossilo  du  Portugal,  1894,  p.  218,  PI.  XXXIX,  flg.  23. 
'  Saporta,  O.  de,  Evolution  des  Phan&ogames,  vol.  2, 1885,  p.  117,  flg.  125  C. 
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Order  PRIMTJLAI-ES. 

Family  MYBSINACEa:. 

Genus  MYRSINE  Liime. 

Myrsine  gaitjixi   (Lesqueroux)  Berry. 

Plate  XIV,  figure  9. 

Myrsinites  ?  gavdini  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892    p    115    PI 

LII,  fig.  4. 
Myrsine  elongataB.o\\\ck,  Bull.  Torrey  Bot.  Club,  vol.  21,  1S94,  p.  54,  PI.  CLXXVII,  fig.  2. 
Myrsine  elongata  Newberry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  122,  PI.  XXII, 

figs.  1-3. 
Myrsine  elongata  Hollick,  Annals  New  York  Acad.  Sci.,  vol.  11,  1898,  p.  420,  PI.  XXXVIII,  figs.  3,  4b,  and  4c. 
Myrsine  elongata  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey, 

vol.  50,  1907,  p.  102,  Pis.  VIII,  fig.  lb,  and  XXXIX,  figs.  13  and  14. 
Myrsine  gaudini  Berry,  Bull.  Torrey  Bot.  Club,  vol.  36,  1909,  p.  2G2. 

Description. — ^Leaves  oblanceolate  or  elongate-obovate  in  outline,  5.5  to  7  centimeters  in 
length  by  1.9  to  2.5  centimeters  in  greatest  width.  Margins  entire.  Apex  obtusely  rounded. 
Base  somewhat  elongated,  narrowly  cuneate.  Petiole  present,  stout.  ^Iidrib  stout  below, 
abruptly  diminishing  in  cahber.  Secondaries  numerous,  eight  to  ten  pairs,  alternate,  branching 
from  the  midrib  at  angles  of  40°  to  45°,  camptoclrome.  When  the  tertiary  venation  is  distinctly 
preserved,  the  venation  is  more  typical  of  the  genus  than  when  only  the  secondaries  are  partly 
visible. 

This  species  is  well  distributed  in  the  Karitan  formation  and  has  been  recorded  also  from 
Long  Island  and  Staten  Island.  The  identification  of  Myrsinites?  gaudini  Lesquereux  with 
the  eastern  forms,  with  which  it  is  obviously  identical,  extends  the  range  eastward  from  Kansas 
to  Long  Island.  It  may  be  readily  distinguished  from  the  other  species  of  MjTsine  by  its 
relatively  narrow,  elongated  form.  It  is  present  in  the  Black  Creek  formation  of  North  Caro- 
Una  and  the  Tuscaloosa  formation  of  Alabama.  It  is  not  abundant  in  the  South  Carolina  Creta- 
ceous, being  present  only  in  Aiken  County.  The  figured  specimen  is  tj'pical  and  extremely 
close  to  the  type,  being  a  trifle  more  elongated,  as  are  also  the  leaves  of  this  species  from  the 
northern  Atlantic  Coastal  Plain. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation,  near  Langley,  Aiken 
County.     (Collected  by  L.  W.  Stephenson  and  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Order  EBENALES. 

Family  EBENACE.ffl. 

Genus  DIOSPYROS  Ldnne. 

DiosPYROS  prim^va  Heer. 

Plates  XI,  figure  3,  and  XIV,  figures  12  and  13. 

Diospyros  primxva  Heer,  Phyllites  cr6tac6es  du  Nebraska,  1866,  p.  19,  PI.  I,  figs.  6  and  7. 

Diospyros  primseva  Heer,  Flora  fossilis  arctica,  vol.  6,  Abth.  2,  1882,  p.  80,  PI.  XVIII,  fig.  11. 

Diospyros  primaeva  Heer,  idem,  vol.  7,  1883,  p.  31,  PI.  LXI,  figs.  5a,  5b,  and  5c. 

Diospyros  primxva  Lesquereux,  The  flora  of  the  Dakota  group:   Mon.  U.  S.  Geol.  Survey,  \ol.  17,  1892,  p.  109,  PI. 

XX,  figs.  1-3. 
Diospyros  primxva  Smith,  On  the  geology  of  the  Coastal  Plain  of  Alabama,  1894,  p.  348. 
Diospyros  primxva  Newberry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  124.  PI.  XXX, 

figs.  1-5. 
Diospyros  primxva  Knowlton,  Twenty-fir.st  Ann.  Kept.  U.  S.  Geol.  Sur\'ey,  pt.  7.  1901,  p.  317,  PI.  XXXIX,  fig,  3. 
Diospyros  primxva  Berry,  Bull.  Torrey  Bot.  Club,  vol.  32,  1905,  p.  46,  PI.  II. 
Diospyros  primxva  Berry,  idem,  vol.  34,  1907,  p.  204. 
Diospyros  primxva  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey 

vol.  50,  1907,  p.  103,  PI.  XL,  figs,  2  and  11. 
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Description. — Leaves  oblong-ovate  in  outline,  variable  according  to  age,  ranging  from  3  to 
15  centimeters  in  length  by  1.3  to  5  centimeters  in  greatest  width,  which  is  in  the  middle  part 
of  the  leaf.  Apex  acute  or  obtuse.  Base  cuneate.  Margins  entire.  Petioles  rather  long  and 
very  stout.  Midi'ib  also  stout.  Secondaries  branching  from  the  niidi'ib  usually  at  acute  angles, 
subopposite  or  alternate,  parallel,  caniptodrome.  Tertiaries  forming  polygonal  areoles,  whose 
relative  prominence  is  one  of  the  features  of  this  species. 

This  species,  which  is  quite  suggestive  of  the  modern  Diospyros  virginiana  Limi6,  was 
described  by  Heer  from  the  Dakota  sandstone  of  Nebraska  nearly  half  a  century  ago.  It  has 
proved  to  be  a  most  wide-ranging  form,  having  been  identified  at  both  the  Atane  and  Patoot 
horizons  in  Greenland;  from  various  locahties  within  the  Dakota  sandstone,  and  its  probable 
southern  equivalent  the  Woodbine  sand  of  Texas;  and,  besides  the  fragments  from  Marthas 
Vineyard  and  Long  Island,  which  are  of  questionable  identity,  it  is  common  in  either  the  Rari- 
tan  or  Magoth}^  or  homotaxial  formations  from  New  Jersey  to  Alabama.  It  has  been  recorded 
from  the  Cenomanian  of  Saxony  and  the  Turonian  of  Bohemia. 

Its  most  marked  character  is  the  prominence  of  its  tertiary  areolation.  This  species  is 
common  at  all  leaf-bearing  horizons  in  the  South  Carohna  Cretaceous  deposits,  and  the  material 
gathered  near  Langley  is  notable  for  the  large  number  of  small  leaves  associated  with  those  of 
normal  size.  These  conform  to  the  type  in  aU  respects  except  that  they  are  more  slender  and 
acuminate,  a  feature  to  be  expected  in  the  small  leaves  of  Diospyros,  and  it  is  believed  that 
they  are  not  distinct  from  the  type.  Two  of  these  small  leaves  are  figured,  the  normal-sized 
leaves  having  been  amply  illustrated  by  Newberry. 

Occurrence. — Middendorf  arkose  member  of  Black  CVeek  formation,  near  Middendorf,  Ches- 
terfield County;  near  Langley,  Aiken  County;  Rocky  Point,  Sumter  County;  right  bank  of 
Congaree  River,  about  25  miles  below  Columbia,  Lexington  County  (?).  (Collected  by  L.  W. 
Stephenson,  E.  W.  Berry,  Earle  Sloan,  B.  L.  MiUer,  and  M.  W.  Twitchell.) 

Collections. — LT.  S.  National  Museum. 

Diospyros  rotundifolia  Lesquereux. 

Plate  XIV,  figure  14. 

Diospyros  rotundifolia  Lesquereux,  The  Cretaceous  flora,  1874,  p.  89,  PI.  XXX,  fig.  1. 

Diospyros  rotundifolia  Lesquereux,  The  flora  of  the  Dakota  group:   Mod.  U.  S.  GeoL  Survey,  voL  17,  1892,  p.  112,  PL 

XVII,  figs.  8-11. 
Diospyros  rotundifolia  Berry,  Aim.  Rept.  State  Geologist,  New  Jersey,  for  1905,  1906,  p.  139. 
Diospyros  rotundifolia  Berry,  Bull.  Torrey  Bot.  Club,  vol.  33,  1906,  p.  181. 

Description. — Leaves  entire,  of  various  sizes,  4  to  10  centimeters  in  length  by  2  to  7  centi- 
meters in  greatest  width,  which  is  in  the  middle  part  of  the  leaf.  Outhne  broadly  oval  or 
elliptical.  Apex  broadly  rounded.  Base  similar  or  somewhat  narrowed  and  pointed.  Petiole 
and  midrib  stout.  Secondaries,  six  or  seven  pairs,  branching  from  the  midrib  at  angles  of  SO'* 
to  60°,  arched,  camptodrome.  Texture  subcoriaceous.  Venation  less  prominent  than  in 
Diospyros  prirmeva  Heer. 

This  species  is  a  characteristic  element  in  the  post-Raritan  flora  of  the  Atlantic  Coastal 
Plain,  although  at  times  liable  to  be  confused  with  Myrsine  iorealis  Heer  or  with  some  of  the 
smaller,  more  orbicular,  entire  leaves  of  Populus.     The  venation  is  markedly  different,  however. 

It  was  originally  described  from  the  Dakota  sandstone  of  Kansas  and  is  common  in  the 
Magothy  formation  in  New  Jersey,  Delaware,  and  Maryland.  It  has  also  been  recorded  from 
the  Tuscaloosa  formation  in  western  Alabama.  In  South  Carohna  it  has  been  found  only  at 
the  Rocky  Point  locality.  The  material,  though  complete,  has  the  venation  mostly  opposite, 
and  it  is  possible  that  it  may  represent  some  orbicular  leguminous  leaflet  instead  of  this  species, 
with  which,  however,  it  agrees  admirably. 

Occurrence. — Middendorf  arkose  member  of  Black  Creek  formation.  Rocky  Point,  Sumter 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 
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DICOTYLEDON^:  INCERTa!  SEDIS. 

Genus  CALYCITES  Auct. 

Calycites  middendorfensis  sp.  nov. 

Plate  X,  figure  4. 

Description. — Calyx-like  organism,  with  a  small  central  disk  or  receptacle  from  which 
radiate  five  linear,  apically  rounded,  equidistant  sepals,  measuring  1 .1  centimeters  in  diameter 
from  tip  to  tip.     Sepals  slightly  narrowed  proximal,  1  millimeter  or  a  fraction  more  in  width. 

Remains  of  this  sort  are  commonly  referred  to  the  form  genus  Calycites,  as  the  botanic 
affinity  of  but  few  specimens  can  be  determined.  A  considerable  number  of  species  of  Calycites 
have  been  described,  coming  from  the  Raritan,  Magothy,  and  Dakota  formations.  It  may  be 
questioned  whether  forms  like  those  described  from  the  Magothy  of  Marthas  Vineyard  and 
Long  Island  by  HoUick  should  not  receive  some  other  names,  for  they  hardly  represent  calices, 
but  are  obviously  fruits  comparable  with  certain  modern  Dipterocarpaceaj  or  Hippocrateacese. 
The  present  species  is  based  on  the  single  complete  specimen  figured. 

Occurrence. — Middendorf  arkose  member  of  Black  Q-eek  formation,  near  Middendorf, 
Chesterfield  County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

BOTANIC  CHARACTER  OF  THE  FLORA. 

The  Cretaceous  flora  of  South  Cai'olina  as  made  known  in  the  present  contribution  consists 
of  76  species,  distributed  among  49  genera  in  36  f  amihes  and  26  orders.  There  are  represented 
1  member  of  the  phylum  Thallophyta,  2  of  the  Pteridophyta,  and  73  Spermatophyta,  includ- 
ing 14  Gynmospermse  (1  Cycadales  and  13  Coniferales)  and  59  Angiospei-mie  (5  Monocotyledonse 
and  54  Dicotyledonse).  The  largest  orders  are  the  Urticales,  Ranales,  Thymeleales,  and  Sapin- 
dales,  each  of  which  has  6  species. 

The  largest  single  genus  is  Ficus,  which  is  represented  by  5  species,  and  this  genus  is  also 
the  most  abundant  individually.  The  genera  SaUx,  Magnoha,  and  Andromeda  have  4  species 
each;  Araucaria,  CelastrophyUmn,  and  Eucalyptus  have  3  each;  and  the  following  genera  are 
represented  by  2  species  each:  Myrica,  Quercus,  Proteoides,  Leguminosites,  Laurus,  Lauro- 
phyllum,  Cinnamomum,  and  Diospyros. 

Fossil  plants  are  very  unequally  represented  at  the  1 1  locaUties  enumerated,  the  locality 
near  Middendorf  furnislfing  42  species,  whereas  the  locahty  on  Black  Creek  below  Wilhamsons 
Bridge  (3.9)  has  furnished  no  positively  identified  forms.  The  bulk  of  the  described  species 
have  come  from  the  Middendorf  arkose  member  of  the  Black  Creek  foi-mation,  identifiable 
remains  being  uncommon  in  other  deposits  of  the  Black  Creek  formation,  although  lignites, 
fragmentary  leaves,  and  comminuted  vegetable  matter  are  universally  distributed  throughout 
the  typical  Black  Creek  deposits  and  are  relatively  rare  in  the  Middendorf  member.  This 
condition  is  due  to  a  certain  extent  to  the  distribution  of  vegetation  on  the  near-by  land  and 
more  largely  to  what  may  be  termed  the  accidents  of  preservation  and  is  paralleled  by  the 
distribution  of  the  plants  in  the  Black  Creek  formation  of  North  Carohna,  where  most  of  the 
forms  come  from  the  single  favorably  situated  locahty  at  Courthouse  Blufl'  on  Cape  Fear  River. 
In  the  more  distinctly  marine  sedimentation,  more  remote  from  the  shore  or  from  Cretaceous 
islands,  the  plant  remains  were  much  macerated  and  triturated  before  entombment.  For 
this  reason  a  better  idea  of  the  flora  as  a  whole  and  of  the  accompanying  physical  conditions 
can  be  obtamed  from  the  Middendorf  flora,  of  wliich  the  general  botanic  bearing  is  equally 
apphcable  to  the  typical  Black  Creek  flora,  although  the  latter  indicates  somewhat  different 
ecologic  groupmg  and  considerably  difl'erent  conditions  of  deposition. 

After  a  brief  statement  of  the  character  of  the  South  Carohna  Cretaceous  flora  as  a  whole, 
an  effort  will  be  made  to  picture  the  environmental  factors — ecologic,  topographic,  chmatic,  and 
edaphic — which  may  legitimately  be  deduced  from  the  plant  assemblages  found  fossil  in  the 
Middendorf  member  and  the  typical  Black  Creek  deposits. 


64      UPPER  CRETACEOUS  AND  EOCENE  FLORAS  OF  SOUTH  CAROLINA  AND  GEORGIA. 

The  .flora  as  a  whole  furnishes  a  single  thallophyte,  which  is  represented  by  poorly  preserved 
remains  of  a  dichotomously  branched  thallus  of  undetennined  botanic  affinity.  It  is  confined 
to  the  Black  Creek  foiination  in  South  Carolina,  but  occurs  rather  more  abimdantly  at  the 
same  hoiizon  in  North  Carohna  and  also  in  the  Magothy  flora  of  Maryland ;  it  inchoates  marine 
sedimentation. 

The  Pteridophyta  are  represented  by  one  species  each  of  Onoclea  and  Lycopodium,  and 
strangely  enough  both  are  fruit-bearing  specimens,  the  Lycopodium  closely  resembhng  the  exist- 
ing members  of  the  genus  antl  heretofore  not  bemg  certainly  known  from  the  Mesozoic.  The 
botanic  affinity  of  the  Onoclea  is  not  conclusively  deterrmnable,  although  the  remains  represent 
a  type  found  also  in  the  Magothy  formation  and  in  the  Upper  Cretaceous  of  Greenland. 

The  Cycadales  are  represented  by  a  single  species  of  Podozamites,  which  is  confined  to 
the  Middendorf  member  in  South  Carolina,  but  wliich  occurs  in  the  Black  Creek  formation  of 
North  Carolina,  northward  to  New  Jersey,  in  the  Dakota  sandstone  of  the  West,  and  in  Europe. 
The  remains  are  detached  leaflets  of  the  type  usually  leferred  to  Podozamites,  although  the 
botanic  affinity  of  many  of  these  leaflets  is  not  fully  estabhshed. 

The  Coniferales  are  weU  represented.  The  Taxacete  are  recognized  by  the  Cephalotaxus- 
hke  fruits  which  are  so  common  in  the  Black  Creek  formation  of  North  Carohna  and  which  occur 
also  in  the  upper  part  of  the  Tuscaloosa  formation  of  Alabama.  The  other  member  of  this 
family  is  referable  to  the  curious  fei'nhke  genus  ProtophyUocladus,  a  characteristic  Upper 
Cretaceous  type  widely  distributed  in  North  America.  The  species  is  new  but  occurs  also  in  the 
Magothy  formation  of  Maryland. 

The  Araucariacese,  abundant  in  the  Mesozoic  though  antipodean  in  existing  flora,  have 
three  species  of  typical  araucarias — one  based  on  fohage,  another  on  cone  scales,  and  the  third 
on  seeds — but  it  is  quite  probable  that  aU  may  belong  to  a  single  botanic  species.  The  other 
family  in  this  order,  the  BrachyphyUaceag,  is  represented  by  the  characteristic  and  widely 
distributed  BrachyphyUum  macrocarpum  Newberry,  which  ranges  from  the  Karitan  to  the 
Montana  and  which  is  the  last  survivor  of  a  common  older  Mesozoic  type  of  plant. 

The  Pinacese  are  represented  by  a  species  of  Pinus  of  modern  aspect  and  by  the  charac- 
teristic remains  of  the  wide-ranging  and  widely  distributed  Sequoia  reicJienbadd  (Geinitz) 
Heer,  a  species  whose  Raritan  representative  Hollick  and  Jefi'rey  propose  to  refer  to  the  Arau- 
cariacese,  although  it  may  be  noted  that  their  argument  is  inconclusive.  Furthermore,  it  seems 
probable  that  all  of  the  forms  referred  to  this  species  may  not  be  identical.  The  modern  oriental 
genus  Cunninghamia  is  doubtfully  represented  by  a  species  of  Cunnmghamites,  which  is  quite 
widely  distributed  and  which  ranges  from  the  Cenomanian  to  the  Senonian  abroad  and  probably 
as  widely  in  this  country.  The  genus  Moriconia  is  abundantly  represented  in  the  Middendorf 
member,  its  most  southerly  known  occurrence.  From  this  region  it  ranges  northward,  a  closely 
allied  species  occurring  both  in  Greenland  and  in  Europe. 

The  Cupresseacese  are  certainly  represented  by  Widdringtonites  subtilis  Heer,  a  form  which 
ranges  from  the  Atane  beds  of  Greenland  southward  along  the  Atlantic  coast  to  Alabama. 
Rather  characteristic,  apparently  four-valved  cones  of  the  Widdringtonia  (CaUitris)  type  are 
associated  with  the  foliage  in  clays  of  the  Middendorf  member.  In  the  Tuscaloosa  formation  of 
western  Alabama  this  species  is  very  common  and  has  furnished  a  number  of  specimens  with  the 
cones  attached  to  the  leafy  twigs  of  this  type,  so  that  the  botanic  affinity  of  this  species 
seems  to  be  established  beyond  dispute.  In  addition  to  the  foregoing  forms  of  more  or  less 
certain  botanic  relationship  a  cone  is  described  from  the  Black  Creek  formation  and  a  cone 
scale  from  the  Middendorf  member,  both  of  unknown  affinity. 

The  Monocotyledons  have  furnished  five  species,  a  Potamogeton,  an  Arundo,  a  Phragmites, 
and  a  Carex,  waterside  types  whose  occurrence  as  fossils  are  easily  explained,  as  weU  as  frag- 
mentary remains  of  a  large  palmetto-like  fan  palm,  Sabalites,  one  of  the  earliest  known  occurrences 
of  a  plant  of  this  type.  Palms  appear  simultaneously  in  the  early  part  of  the  Upper  Cretaceous 
in  both  Europe  and  America,  and  before  its  close  they  appear  to  have  become  numerous  and 
diversified  as  well  as  widely  distributed. 

Of  the  Dicotyledonse,  the  amentiferous  families  are  represented  by  nme  species.  The 
Juglandales  have  a  species  of  Juglans  which  ranges  from  Greenland  to  Georgia. 
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The  Myricales  have  two  characteristic  species  of  Myrica,  a  genus  of  considerable  importance 
in  Upper  Cretaceous  floras  everywhere  and  in  more  recent  floras  as  well.  The  willows  have 
four  species,  one  peculiar  to  the  Middendorf  member  and  three  widely  distributed  in  beds  of 
this  or  nearly  the  same  age.  The  oaks  have  furnished  two  species,  both  clearly  defuied.  It 
is  singular  that  the  oaks  appear  m  such  abundance  both  in  this  country  and  Eui'ope  soon  after 
the  dawn  of  the  Upper  Cretaceous.  They  afford  one  of  the  marks  of  post-Raritan  floras  in 
the  Atlantic  Coastal  Plain. 

The  Urticales  form  one  of  the  most  abundant  orders  in  the  South  Carolina  Cretaceous — in 
point  of  numbers  of  individual  specimens  easily  the  most  abundant.  A  single  doubtful  species 
is  referred  to  the  modern  warm-temperate  genus  Momisia,  which,  except  for  a  species  recently 
described  by  the  writer  from  the  Eocene  of  Georgia,  is  unknown  in  the  fossil  state.  The  figs 
number  five  species,  mcluding  four  species  with  lanceolate  leaves  and  pinnate  venation  and  one 
species  with  shorter  and  broader  leaves  and  palmate  venation.  One  of  the  lanceolate  figs, 
Ficus  stephensoni,  is  new,  although  it  occurs  in  North  Carolina;  the  others  are  all  weU  known 
and  large  forms  of  wide  distribution.  They  are  exceedingly  abundant  m  South  Carolina;  both 
Ficus  crassipes  Heer  and  Ficus  Icrausiana  Heer  occur  at  four  locahties  at  least  and  are  very 
common  at  certain  of  these,  particularly  in  the  clay  ironstones  at  Rocky  Pouit.  One  of  the 
few  contrasts  to  be  noted  in  tracing  this  Upper  Cretaceous  flora  southward  from  Greenland  is 
the  tendency  shown  by  a  number  of  foi-ms  toward  the  development  of  prolonged  attenuated 
tips.  This  is  promhiently  shown  in  these  species  of  Ficus,  both  here  and  ui  the  Tuscaloosa 
flora  of  Alabama,  and  it  has  been  interpreted  as  mdicatmg  a  heavier  rainfall  and  more  humid 
climate  than  in  higher  latitudes.  This  peculiarity  is  not  confined  to  the  genus  Ficus,  but  is 
shared  by  a  number  of  other  genera  belonging  to  these  floras. 

Of  the  Froteales,  the  Proteacese,  at  present  largely  and  almost  exclusively  developed  in  the 
Southern  Hemisphere,  are  represented  by  two  species  of  Proteoides,  so  called  from  their  close 
aflinity  with  the.  modern  species  of  Protea.  Many  botanists,  notably  m  England,  have  ques- 
tioned such  identifications,  especially  as  made  by  Ettmgshausen  and  others  in.  studies  of  the 
Tertiary  floras  of  Europe.  Most  of  these  identifications  have  a  large  element  of  certainty, 
however,  and  are  paralleled  and  confirmed  by  the  similar  Cretaceoiis  range  and  modern  restriction 
of  a  large  number  of  unrelated  genera.  The  present  place  is  unsuitable  for  controversial  matter, 
but  the  writer  will  say  that  rather  extensive  distributional  studies  have  served  hi  a  large  measure 
to  confii-m  the  presence  ui  the  Cretaceous  floras  of  North  .;Vmerica  of  species  of  Proteacese, 
Myrtaceie,  and  other  types. 

The  order  Ranales,  which  at  the  present  time  has  received  such  undue  prominence  through 
the  phylogenetic  speculations  of  Wieland  and  Arber,  is  represented  by  sbc  species — a  Dewalquea 
of  remarkable  and  striking  appearance,  common  to  the  Middendorf  member  and  to  the  Tuscaloosa 
foi-mation  of  Alabama;  a  new  species  of  Illicium;  and  four  well-known  species  of  Magnolia, 
two  of  which  range  northward  as  far  as  Greenland  and  tlu-ee  southward  mto  Alabama.  Magnohas 
are  common  everj'-vvhere  in  Upper  Cretaceous  floras  from  Greenland  to  Alabama. 

The  order  Rosales  has  no  very  definite  or  remarkable  representatives  in  the  South  Carolina 
Cretaceous.  A  form  doubtfully  identified  as  Hamamehtes  occurs  at  Rocky  Point,  and  two 
leaflets  are  referred  to  Leguminosites,  one  as  a  Cfesalpmia,  and  one  as  an  Acacia-like  form. 

The  order  Geraniales,  though  poorly  represented,  contains  two  remarkable  forms,  a  Citro- 
phyllum  very  close  to  the  modern  genus  Citrus,  which  ranges  northward  as  far  as  New  Jersey, 
and  Crotonophyllum,  a  genus  allied  to  the  modern  genus  Croton  of  the  Euphorbiacese.  Croto- 
nophyllum  is  rather  common  in  the  Middendorf  member,  the  only  other  species  of  the  genus 
being  a  Cenomanian  form  from  Bohemia. 

The  order  Sapindales  is  a  large  one,  represented  by  six  species— one  a  Sapindus,  one  a 
form  doubtfully  referred  to  the  genus  Pachystmia,  one  a  large  Rhus,  and  three  species  of 
CelastrophyUum.  The  last  genus  becomes  abmidant  at  the  close  of  the  Lower  Cretaceous, 
with  seven  species  m  the  Patapsco  formation.  There  are  no  less  than  nine  species  m  the  Raritan 
formation,  but  this  number  is  reduced  to  two  in  the  Magothy,  two  m  the  Black  Creek,  and  three 
m  the  Middendorf  member.  CelastrophyUum  is  unrepresented  m  the  Montana  flora  of  the  West. 
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The  order  Thymeleales  also  includes  six  species,  of  which  two  are  well-kiiowii  species  of 
Laurus,  two  are  species  of  LaiirophyUum  confined  to  this  horizon  in  the  Atlantic  Coastal  Plain, 
and  two  are  species  of  Cinnamomum,  one  beuig  the  widespread  Cinnamomum  newherryi  Berry 
and  the  other  new. 

The  order  Myrtales  has  three  species  of  Eucalyptus,  all  close  to  modern  species.  This  is 
particularly  true  of  Eucalyptus  angusta  Velenovsky,  which  is  also  associated  with  typical 
Eucaly|3tus  fruits  in  the  Cenomanian  of  Europe.  * 

The  order  Umbellales  is  represented  by  a  single  species  of  Hedera,  a  form  of  wide  distribution. 
The  Araliaceje,  so  common  in  homotaxial  American  floras,  have  not  been  detected  in  either  the 
Middendorf  member  or  other  deposits  of  the  Black  Creek  formation  m  South  Carolina,  though 
a  single  Aralia  is  fomid  in  the  Black  Creek  formation  of  North  Carolma  and  several  species 
appear  in  the  Tuscaloosa  and  Magothy  formations. 

The  order  Ericales  has  four  species  of  Andromeda,  one  new  and  the  other  three  widespread 
in  deposits  of  this  or  nearly  the  same  age  in  the  Atlantic  Coastal  Plain. 

The  Primulales  are  represeritetl  by  a  single  rather  widespread  species  of  Myrsine  and  the 
Ebenales  by  two  species  of  Diospyros,  one  the  relatively  large-leaved  Diospijros  frimieva  of 
Heer,  which  ranges  from  Greenland  to  Alabama  in  eastern  North  America  and  from  Kansas  and 
Nebraska  to  Texas  in  the  interior,  and  which  is  exceedmgly  common  in  the  South  Carolina 
Cretaceous;  and  the  other  the  less  common  Diospyros  rotundifolia  Lesquereux  of  the  Dakota 
sandstone  and  the  Magothy  formation.  These  leaves  are  ccrtahily  allied  to  the  modern 
DiospjTos  and  are  associated  in  the  Raritan  formation  of  Maryland  with  characteristic  fruit 
calices  scarcely  distinguishable  from  those  of  certain  modern  species. 

PHYSICAL   CONDITIONS   INDICATED   BY   THE  FLORA. 

All  effort  to  picture  accurately  the  environment  of  a  fossil  flora  is  beset  with  unusual 
difficulties,  as  may  be  readily  imagined,  and  these  difficulties  increase  in  geometric  ratio  to  the 
time  that  has  elapsed  since  it  existed  in  life.  Furthermore,  the  science  of  plant  ecology  is  so 
recent  in  development  that  the  data  with  which  to  compare  fossil  floras  are  very  inadequate. 
Particularly  is  this  true  of  the  existing  floras  of  the  tropical  and  subtropical  zones  with  which 
the  Cretaceous  flora  is  most  naturally  compared.  The  strand  flora  of  the  tropics  is  fairly 
well  known,  but  of  inland  and  upland  floras  over  wide  areas  practically  no  information  is 
avaUable,  although  the  Phdippine  Forest  Service  has  made  a  most  laudable  beginning  m  this 
direction. 

For  this  reason  the  discussion  which  follows  probably  merits  more  or  less  criticism, 
especially  of  the  statements  where  the  writer  has  endeavored  to  particularize.  An  effort  has 
been  made,  however,  to  avoid  purely  speculative  points,  and  it  is  believed  that  the  more  general 
statements  regarding  climate  and  other  conditions  of  growth  will  stand,  whatever  va&y  be 
the  fate  of  the  details. 

As  has  been  shown,  tlie  sediments  and  their  contained  floras  indicate  shallow  seas  and  a 
considerable  elevation  and  relief  of  the  Piedmont  area.  River  gradients  were  high  and  the 
streams  numerous  and  more  or  less  torrential  in  character.  In  the  early  part  of  the  period 
coastal  sounds  or  bays  were  present,  but  these  were  subsequently  submerged  and  the  coast 
line  appeai-s  not  to  have  been  subsequently  broken  by  any  large  reentrants,  although  part  of 
the  strand  flora  was  probably  a  swamp  flora  and  swamps  were  also  present  in  the  lower  coui-ses 
of  the  streams,  especially  in  the  later  half  of  the  period.  With  regard  to  the  climatic  conditions 
the  Cretaceous  floras  are  to  a  certam  extent  unlike  those  of  later  periods  and  are  so  far  removed 
from  the  present  that  no  very  precise  conclusions  are  possible.  It  is  safe  to  assume  that  the 
climate  was  mild,  however,  for  the  plant  grouping  clearly  shows  this.  Seasonal  changes  were 
not  strongly  marked,  as  is  showm  by  the  lack  of  periodic  alterations  (growth  rmgs)  in  the  petri- 
fled  and  lignitized  woods.  These  have  not  been  critically  studied,  nor  are  they  included  in 
the  systematic  account  of  the  flora,  but  they  have  been  examined  sufficiently  to  corroborate  the 
foregomg  statement.  That  the  climate  was  not  tropical  in  character  may  be  assumed  from 
the  manner  in  which  this  flora  presei-ves  its  integrity  when  traced  northward  over  many 
degrees  of  latitude.     It  is  essentially  a  unit  from  Alabama  to  New  Jersey,  and  preserves  even 
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in  its  far  northern  occurrence  on  the  west  coast  of  Greenhmd — though  differences  are  percepti- 
ble— a  facies  remarkably  similar.  Even  in  Greenland  this  flora  has  nearly  as  many  species 
which  in  modern  floras  arc  customarily  associated  with  the  warmer  temperate  and  subtropical 
zones  as  in  its  most  souther!}'  occurrence.  We  ma}^  confidently  assert  that  frosts  were  unlvnown. 
The  trees  were  not  all  evergreen,  although  some  were,  and  the  leaves,  from  the  manner  in  which 
they  are  found  fossil,  were  apparently  shed  at  maturity  and  not  seasonally.  It  is  believed 
that  insolation,  or  the  pseudoxerophytism  of  swamp  habitats,  rather  than  any  approach  to 
aridity,  explains  the  presence  of  numerous  coriaceous-leafed  forms,  such  as  the  four  species 
of  Andromeda,  and  the  abundance  of  Lcgimiiiiosie  and  of  gymnosperms,  many  of  them  having 
reduced  leaves  like  Brachyphyllum,  Moriconia  and  Widdringtonites,  or  developmg  phylloclads 
as  in  the  Protoph3dlocladus  of  the  Middcndorf  member  or  Androvettia  of  the  homotaxial  beds 
of  the  Black  Creek  formation  in  North  Carolina  and  the  Eutaw  formation  in  Georgia. 

Sequoia  in  the  existing  flora  thi-ives  only  m  a  belt  fed  by  the  moisture-laden  whids  from  the 
Pacific.  As  a  fossil  it  is  excessively  abundant  in  the  Middcndorf  member  and,  m  fact,  in  all 
post-Raritan  deposits  of  the  Atlantic  Coastal  Plain  Cretaceous  which  furnish  any  flora.  That 
the  Cretaceous  rainfall  was  plentiful  may  be  inferred  not  only  from  the  species  of  plants  pre- 
served, but  also  from  the  formation  of  dripping  pomts  on  various  leaves,  this  feature  being  espe- 
cially emphasized  in  the  Tuscaloosa  flora  of  Alabama.  Judged  by  the  facts  of  the  present-day 
geographic  distribution  of  plants,  the  flora  as  a  whole  presents  an  antipodean  facies  with  its 
species  of  Eucalyptus  and  Proteoides  and  its  abundant  Araucariaceas,  but  this  is  only  another 
way  of  emphasizmg  its  Mesozoic  character,  for  the  abundant  evidence  at  our  command  shows 
that  all  these  t3-pes  were  practically  cosmopolitan  in  the  Mesozoic.  Another  feature  which 
appears  strange  to  modern  plant  geographers  is  the  curious  mingling  of  forms  which  in  the  exist- 
ing flora  are  to  a  greater  or  less  extent  climatically  segregated.  Willows  and  walnuts  growing 
with  flgs,  eucalvptus,  laurels,  and  araucarias  would  indeed  be  anomalous  in  the  present  flora, 
but  these  and  similar  associations  are  familiar  enough  in  fossil  floras,  not  only  during  the 
Mesozoic  but  well  into  the  Cenozoic. 

Even  though  no  close  comparisons  with  modern  ecologic  groups  are  jiossible,  it  would  seem 
that  if  the  Upper  Cretaceous  flora  were  existing  at  the  present  time  it  would  be  included  by 
ecologic  botanists  under  that  somewhat  elastic  head  which  Schimper  calls  "temperate  rain 
forests."  In  no  other  modern  plant  associations  do  we  find  that  commingUng  of  temperate 
and  tropical  types  that  we  find  in  certain  present-day  temperate  rain  forests,  as,  for  example, 
those  of  southern  Chile,  southern  Japan,  Australia,  and  New  Zealand.  In  the  last-named 
locaUty  Aralia,  Laurus,  Cinnamommn,  Magnolia,  and  Sterculia  are  associated  with  Quercus, 
Fagus,  Gleichenia,  Diyopteris,  and  Dicksonia.  In  some  respects  the  flora  of  New  Zealand  is 
more  tropical  in  its  facies  and  more  like  om-  eastern  Upper  Cretaceous  floras  than  any  other 
now  existing.  In  New  Zealand  conifers  are  abundant  and  include  forms  with  reduced  leaves 
like  Libocedrus  and  Dacrs'dimn,  as  well  as  forms  with  broad  leaves  like  Danimara,  Podocarpus, 
and  Phyllocladus.  Dicotyledons  are  numerous  and  varied,  including  between  100  and  150 
species,  among  wliich  forms  of  Myrtacete,  Lauracefe,  and  Proteacese,  with  coriaceous  leaves,  are 
prominent.     The  undergrowth  is  rich  in  tree  ferns  and  various  genera  of  AraUaceae. 

When  this  modern  flora  is  compared  element  for  element  with  the  Coastal  Plain  &etaceous 
flora  many  differences  naturally  become  apparent ;  nevertheless,  the  resemblance  between  the 
two  is  remarkable.  In  the  Upper  Cretaceous  flora  of  the  Coastal  Plain  the  narrow  or  scale- 
leafed  conifers  are  represented  by  Sequoia,  Moriconia,  Brachj'jihyllum,  and  Widdringtonites. 
Dammara  represents  the  broad-leafed  araucarias;  Androvettia  and  Protojihyllocladus  represent 
the  modern  Ph^dlocladus.  The  Dicotyledonfe  are  numerous  and  varied;  temperate  antl  trop- 
ical tyj3es  are  mixed,  and  there  are  numerous  coriaceous  forms  belonging  to  a  number  of  the 
same  families  as  in  the  New  Zealand  flora.     Arahas  are  common  in  both  floras. 

That  the  physical  conditions  approximated  the  foregoing  outhne  is  further  indicated  by 
the  presence  of  many  j^lants  which  normally  grow  in  streams  with  considerable  flow  or  along 
stream  margins.  There  is  an  aquatic  species,  Potamogeton  middendorfensis,  which  it  is  hard  to 
imagine  growing  at  sea  level  in  the  latitude  of  South  Carohna  during  the  Upper  Cretaceous. 
There  are  two  large-leafed  grasses  (Arundo  and  Phragmites)  and  a  sedge,  all  strongly  mesophytic 
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types;  four  species  of  willow;  and  four  thick-leafed  laurels  and  two  Onnamomums,  whose 
existing  descendants  flourish  in  humid  localities,  as  do  those  of  the  numerous  figs  and  magnolias. 
Tlie  figs  are  very  abundant  individually  in  the  Middendorf  member,  especially  at  locaUties  like 
that  at  Rocky  Point.  They  are  for  the  most  part  lanceolate-leafed  forms  and  have  developed 
to  a  greater  or  less  extent  long  attenuated  tips  that  are  absent  in  the  same  species  toward  the 
northern  limit  of  their  range.  These  tips  are  commonly  known  as  dripping  points  and  are 
understood  to  indicate  a  considerable  rainfall.  They  are  especially  noticeable  in  the  South 
Carolina  representatives  of  Ficus  crassipes  Heer.  It  is  beUeved  that  these  figs  found  their 
optimum  conditions  in  the  coastal  swamps  and  extended  from  them  up  the  river  valleys  to  the 
amphitheaters  toward  the  heads  of  streams,  though  they  were  not  confined  to  such  situations, 
as  is  proved  by  their  wide  geographic  distribution  at  this  time.  In  similar  situations  grew  the 
broad-leafed  gymnosperms,  the  palms,  the  entire-leafed  Quercus  sumterensis,  and  the  various 
species  of  Proteoides,  Illicium,  Eucalyptus,  Diosp^Tos,  Cinnamomtun,  Citrophyllum,  Laurus, 
and  Magnoha.  The  flora  of  the  tj^pical  Black  Creek  deposits  of  South  Carolina  is  so  scanty, 
embracing  only  17  species,  that  it  does  not  in  itself  furnish  adequate  data  for  an  attempt  to 
picture  its  environment.  When  supplemented  by  the  Black  Creek  flora  of  North  Carolina 
somewhat  more  data  are  provided,  but  still  the  material  is  insufficient  for  the  purposes  men- 
tioned. The  occurrence  of  obscure  remains  of  a  marine  alga,  present  also  in  North  Carohna  and 
in  the  Magothy  of  Maryland,  may  be  noted  as  indicative  of  the  presence  of  the  sea  or  at  least 
of  brackish  water.  Lignite  and  amber  are  common,  also  the  remains  of  Araucaria,  Ccijhalotaxus- 
like  fruits,  Eucalyptus,  Ficus,  M\Tica,  and  similar  forms.  The  flora  is  mLxed,  including  upland 
types  which  must  have  made  perhaps  very  considerable  river  journeys  before  fossilization. 
Strand  and  swamp  plants  are  also  present,  and  coriaceous  forms  predominate,  owing  to  their 
survival  in  agitated  waters  wliich  destroyed  the  more  delicate  plant  remains.  The  character 
of  the  fossils  is  a  clear  indication  that  the  bays  or  sounds,  which  had  been  present  in  at  least  a 
part  of  the  area  during  ]\Iiddendorf  time,  had  disappeared,  and  the  Coastal  Plain  lacked  large 
estuaries  wliich  usually  afl'ord  such  admiral)le  means  for  fossilization.  We  may  therefore  infer 
that  the  coast  line  was  unbroken,  or  that  if  there  were  estuary  plant  beds  they  have  been 
destroyed  by  the  erosion  of  the  landward  margin  of  the  deposits  or  are  not  exposed  at  the 
present  time.  The  differences  in  the  flora  between  the  early  Middendorf  and  late  Black  Creek 
were  probably  not  considerable,  and  physical  conditions  were  not  very  dissimilar.  The  land 
had  approached  sea  level  and  the  ground  water  would  be  nearer  the  surface.  The  cUmate 
probably  underwent  no  appreciable  change,  and  the  rainfall  and  humidity  w-cre  still  ample, 
although  the  writer  is  inclined  to  think  that  the  rainfall  was  somewhat  diminished.  The  natural 
radiation  of  the  individual  species  in  the  floras  doubtless  caused  great  changes  in  distribution, 
and  other  changes  were  doubtless  due  to  the  fact  that  the  area  was  in  the  direct  line  of  migra- 
tion between  the  north  and  the  south,  but  sufficient  data  to  illustrate  these  various  changes 
have  not  yet  been  accumulated. 


CORKELATION  OF  THE  BLACK  CREEK  FORMATION. 

In  considering  the  correlation  of  the  Middendorf  member  and  the  other  Black  Creek  deposits 
the  first  question  to  be  decided  is  the  relation  which  they  bear  to  each  other.  Though  the  writer's 
position  on  this  point  may  be  inferred  from  what  has  gone  before,  a  few  comments  are  necessar_y, 
as  at  fu'st  sight  the  floras  apparently  show  considerable  dift'erences. 

Of  the  76  species  described  in  the  foregomg  pages,  62  come  from  the  Middendorf  member 
and  17  from  the  other  deposits  of  the  Black  Creek  formation.  Of  these  76  species  the  foUowuig 
are  described  as  new: 

Acacia^hyllites  gre\'illcoides. 
Algites  americana. 
A  ndromeda  euphorbiophylloides. 
Araucaria  darlingtonensis. 
Calycites  middendorfensis. 
Celastrophyllum  carnlinensis. 
Cinnamomum  middendorfensis. 
Crotoniipliyllura  iJandurseformis. 


Ficus  celtifolius. 
Heterolepis  cretaceus. 
Illicium  watereensis. 
Leguminosites  middendorfensis. 
Lycopodium  cretaceum. 
Momisia  carolinensis. 
Pachystima?  cretacea. 
Potamogeton  middendorfensis. 
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Proteoides  parvula. 
Protophyllocladus  lobatus. 
Quercus  sumterensis. 
Quercus  pseudowestfalica. 


Rhus  darlingtonensis. 
Sabalites  carolinensis. 
Salix  sloani. 
Strobilites  anceps. 


Although  these  new  species  are  of  slight  value  in  exact  correlation,  their  evidence  is  entirely 
in  accord  •with  that  deduced  from  the  remainder  of  the  flora.  The  hulk  are  from  the  Middendorf 
member,  only  Ahjites  americana,  Araucana  darlingtonensis,  Rhus  darlingtonensis,  and  Strobilites 
anceps  coming  from  the  other  Black  Creek  deposits.  Extensive  collections  from  all  parts 
of  the  Coastal  Plain  are  undergoing  elaboration  by  the  •writer,  who,  since  the  oi-iginal  descrip- 
tion in  manuscript,  has  identified  Algites  americana  from  the  Black  Creek  formation  of  North 
Carolina  and  from  the  Magothy  formation  of  Maryland,  and  ProtopliyUocladus  lohatus  from 
the  Magothy  of  Maryland.  Araucaria  darlingtonensis  has  been  shown  to  be  closely  allied  to 
the  other  Black  Creek  araucarias,  and  Andromeda  eupJiorhiophylloides,  in  all  probability,  occurs 
on  the  border  between  the  Tuscaloosa  and  the  Eutaw  in  Hale  County,  Ala.  Quercus  pseudo- 
westfalica  is  now  kno"wai  to  occur  in  the  Black  Creek  formation  of  North  Carohna,  and  the 
Sabahtes  is  seen  to  be  close  to  Sahalites  magothiensis  Berry  from  the  Magothy  formation  of 
the  northern  Coastal  Plain  from  New  Jersey  to  Maryland.  The  genera  Crotonophylium  and 
lUicium  are  most  closely  related  to  species  described  from  the  Cenomanian  of  Bohemia.  None 
of  the  genera  occur  in  the  Montana  flora  of  the  west  except  Ficus  and  Sahx.  genera  present 
from  the  Raritan  to  the  Recent. 

Only  the  following  species  are  common  to  the  Middendorf  member  and  t)ther  deposits 
of  the  Black  Creek  formation  in  the  South  Carohna  area: 

Ficus  krausiana  Heer. 
Laurophyllum  nervillusum  Hollick. 

Although  this  seems  a  very  small  common  element,  all  the  forms  are  tj-pical  of  this  stage 
of  the  Cretaceous,  and  all  except  Proteoides  are  especially  characteristic  of  the  Magothy,  Black 
Creek,  and  Tuscaloosa  floras.  The  identity  of  the  Middendorf  and  other  Black  Creek  floras  is 
greatly  strengthened  when  comparisons  arc  made  with  the  latter  flora  as  developed  in  the 
North  Carolina  area,  the  result  sho\dng  27  species  common  to  the  two  formatioiis. 

The  following  Middendorf  species  which  have  not  been  found  in  the  other  Black  Creek 
deposits  of  South  Carolina  occur  in  beds  of  Black  Creek  age  in  North  Carolina: 

Juglans  arctica  Heer. 
Laurophyllum  elegans  Hollick. 
Leguminosites  robinii'olia  Berry. 


Proteoides  lancifolius  Heer. 
Salix  lesquereuxii  Berry. 


Andromeda  grandifolia  Berry. 
Andromeda  novaefsesarese  Hollick. 
Andromeda  parlatorii  Heer. 
Araucaria  jeffreyi  Berry. 
Brachyiihyllum  macroi-arpum  Newberry. 
Celastriijihyllum  crenatum  Heer. 
Ciimamomum  newberryi  Berry. 
Citrophyllum  aligerum  (Lesquereux)  Berry. 
Cunninghamites  elegans  (Corda")  Endlicher. 
Diospyros  primseva  Heer. 
Eucaljiitus  geinitzi  (Heer)  Heer. 
Ficus  crassipes  Heer. 
Ficus  krausiana  Heer. 
Ficus  stephen.soni  Berry. 

The  following  species  occur  in  the  Middendorf  member  but  have  not  been  detected  in  the 
other  Black  Creek  deposits,  either  in  North  or  South  Carohna: 


Magnolia  capellinii  Heer. 
Moriconia  americana  Berry. 
Jlyrsine  gaudini  (Lesquereux)  Berry. 
Phragmites  pratti  Berry. 
Pinus  raritanensis  Berry. 
Podozamites  knowltoni  Berry. 
Quercus  pseudowcslfalica  Berry. 
Salix  flexuosa  Newberry. 
Salix  lesquereuxii  Berry. 
Sequoia  reichenbachii  (Geinitz)  Heer. 


Acaciaphyllites  grevilleoides  Berry. 
Andromeda  euphorbiophylloides  Berry. 
Arundo  groenlandica  Heer. 
CEesalpinia  middendorfensis  Berry. 
Calycites  middendorfensis  Berry. 
Carex  clarkii  Berrj'. 
Celastrophyllum  carolinensis  Berry. 
Celastrophyllum  elegans  Berry. 
Cinnamomum  middendorfensis  Berry. 
Crotonophylium  panduraeformis  Berry. 


Dewalquea  smithi  Berrj'. 
Diospyros  rotundifolia  Lesquereux. 
Eucalyptus  wardiaua  Berry. 
Ficus  atavina  Heer. 
Ficus  celtifolius  Berrj*. 
Hamamelites?  cordatus  Lesquereux. 
Heterolepis  cretaceus  Berry. 
Illicium  watereensis  Berry. 
Laurophyllum  nervillosum  Hollick. 
Laurus  atanensis  Berrj'. 
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Protophyllocladus  lobatus  Berrj-. 
Potamogeton  middendorfensis  Berry. 
Quercus  sumterensis  Beny. 
Sabalites  carolineiisis  Berry. 
Salix  pseudohayei  Berry. 
Salix  sloani  Berry, 
Sapindus  morrisoni  Heer. 
Widdringtonites  subtilis  Heer. 


Launis  plutonia  Heer. 
Leguminosites  middendorfensis  Berry. 
Lycopodium  cretaceum  Berry. 
Magnolia  tenuifolia  Lesquereux. 
Magnolia  obtusata  Heer. 
Momisia  carolinensis  Berry, 
Onoclea  inquirenda  (HoUick)  Hollick. 
Pachystima?  cretacea  Berry. 
Proteoides  parvula  Berry. 

These  uiclude  17  new  species  thus  far  confined  to  the  Middendorf  member  and  without 
value  in  close  correlation.  Of  the  remaining  21  species  with  a  wider  distribution  4  occur  in  the 
Raritan  of  New  Jersey,  6  in  the  Tuscaloosa  formation,  the  large  number  of  15  in  the  Magothy 
formation,  8  in  the  Dakota  sandstone,  and  9  in  the  Greenland  Cretaceous.  This  illustrates  very 
well  the  remarkable  imity  of  this  flora  from  Greenland  to  Alabama,  and  also  indicates  conclusively 
the  practical  synchroneity  between  the  Middendorf  member  and  the  other  deposits  of  the  Black 
Creek  formation  of  South  Carolina. 

A  similar  relationship  is  shown  by  the  following  list  of  North  Carolina  Black  Creek  species 
which  have  not  been  detected  in  either  the  Middendorf  member  or  the  other  Black  Creek  deposits 
in  the  South  Carolina  area : 


Acerates  amboyense  Berry. 
Androvettia  carolinensis  Berry. 
Araucaria  clarki  Berry. 
Celastrophylluta  undulatum  Newberry. 
Cinnamomum  heerii  Lesquereux. 
Cornophyllum  sp. 

Cycadinocarpus  ciroularis  Newberry. 
Dammara  borealis  Heer. 
Dewalquea  groenlandica  Heer. 
Eucalyptus  attenuata  Newberry. 
Eucalyptus  linearifolia  Berry. 
Ficus  ovatifolia  Berry. 
Ficus  daphnogenoides  (Heer)  Berry. 
Gleditsiophyllum  triacanthoides  Berry. 
Kalmia  brittoniana  Hollick? 
Liriodendron  dubium  Berry. 


Malapoenna  hon-ellensis  Berry. 
Myrica  cliftwoodensis  Berry. 
Myrsine  borealis  Heer. 
PhaseoUtes  formus  I^esciuereux. 
Pisonia  cretacea  Berry. 
Pistia  nordenskioldi  (Heer)  Berry. 
Planera  cretacea  Berry. 
Pterospermites  carolinensis  Berry. 
Pterospermiles  crednerafolia  Berry. 
Quercus  pratli  Berry. 
Salix  newberryana  Hollick. 
SaUx  eutawensis  Berry. 
Sassafras  acutilobum  Lesquereux. 
Sequoia  heterophylla  Velenovsky. 
Sequoia  minor  "V'elenovsky. 
Tumion  carolinianum  Berry. 


Liriodendron  cf.  primaevum  Newberry. 

Here  again  the  species  which  are  not  confined  to  North  Carolina  are  mingled  in  other 
homot axial  deposits,  such  as  those  of  the  Magothy  formation  of  the  North  Atlantic  Coastal 
Plain  or  the  Tuscaloosa  formation  of  Alabama,  with  the  previously  enumerated  forms  not  com- 
mon to  the  described  floras  of  the  two  States. 

The  conclusion  seems  incontrovertible  that  in  correlation  the  Middendorf  member  and  the 
typical  Black  Creek  may  be  considered  as  a  imit,  and  that  within  the  State  they  confirm  the 
field  observations  that  the  stratigraphic  sequence  comprises  initial  Middendorf  scdunentation 
of  short  duration,  contemporaneous  Middendorf  and  typical  Black  Creek  sedimentation,  espe- 
cially when  the  Peedee  and  Aiken  areas  are  compared,  and  finally  t^-pical  Black  Creek  sedimen- 
tation only  for  a  considerable  period.  When  the  flora  as  a  whole  is  compared  with  outside 
areas  it  is  brought  out  that  32  of  the  species  in  the  Black  Creek  formation  of  North  Carolina  are 
of  admitted  identity  in  South  Carolina  and  that  26  species  occur  either  in  the  Tuscaloosa  for- 
mation of  Alabama  or  the  Eutaw  formation  of  Georgia.  It  seems  to  the  writer  that  the  syn- 
chroneity between  these  beds  and  the  upper  part  of  the  Alabama  Tuscaloosa  and  the  lower 
portion  of  the  Eutaw  must  be  admitted,  for  the  close  similarity  in  their  floral  characteristics 
is  corroborated  by  similar  lithologic  characters.  It  is  believed,  however,  that  the  lower  part 
of  the  Tuscaloosa  of  western  Alabama  is  older  than  any  Upper  Cretaceous  of  the  eastern 
Gulf  or  Atlantic  Coastal  Plain  as  far  north  as  the  New  Jersey-Maryland  area,  where  the  upper- 
most Raritan  is  to  be  considered  contemporaneous  with  it,  the  rest  of  the  Raritan  formation 
being  stiU  older.  With  the  Magothy  flora  of  the  northern  Coastal  Plain,  the  Middendorf  flora 
has  35  species  in  common,  or  about  50  per  cent  of  its  total  flora.  That  the  two  floras  are 
essentially  a  luiit  seems  certata.     In  the  New  Jersey  area  the  Magothy  flora  is  confined  to 
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the  transitional  beds  lying  above  the  Raritan  formation  and  at  the  base  of  the  marine  series  of 
deposits,  whereas  in  the  southern  and  Gulf  coastal  plains  simOar  fossil  plants  occur  in  lenses 
or  in  beds  interstratified  with  maiiae  fossUiferous  beds.  This  shows  that  the  southern  repre- 
sentative of  the  Magothy  flora  was  contemporaneous  with  the  southern  representative  of  the 
Matawan  faima  and  makes  it  probable  that  the  Magothy  flora  in  the  New  Jersey-Maryland  area 
persisted  through  Matawan  time.  The  Matawan  formation  has  yielded  only  one  or  two  fossil 
plants — a  Ficus  in  the  claj^s  of  Woodbury,  N.  J.,  and  a  Dammara  in  Maryland — and  in  both 
areas  these  species  occur  in  the  Magothy  formation  also. 

The  Black  Creek  flora  contains  17  species  found  in  the  Atane  beds  of  Greeidand  and  9 
found  m  the  Patoot  beds.  In  the  Cenomanian  of  Europe  9  of  its  species  are  found,  in  the  florally 
mifossiliferous  Turonian  1  species,  and  in  the  Senonian  4  species. 

The  eastern  Cretaceous  floras  above  the  Raritan,  possibly  including  those  of  the  upper- 
most Raritan,  correspond  with  the  flora  usually  known  as  that  of  the  Dakota  sandstone.  The 
rocks  containuig  them  are  conformably  overlam  by  deposits  carrying  a  marine  fauna  but  very 
few  fossil  plants.  There  are  23  species  common  to  the  South  Carolina  Cretaceous  and  the 
Dakota  sandstone.  The  Black  Creek  formation  of  North  Carolma,  out  of  a  total  of  66  species, 
has  20  species  in  common  with  the  Dakota.  The  Montana  group  flora  is  entirely  unlike  the 
eastern  Cretaceous  floras,  having  scarcely  a  single  element  ui  common.  Certain  stages  in  the 
evolution  of  the  eastern  Cretaceous  flora  can  be  made  out,  though  in  general  the  forms  have  a 
wide  stratigraphic  range.  This  is  paraUeled,  however,  by  an  almost  equally  wide  stratigraphic 
range  of  the  faunas. 

To  render  intelligible  to  a  wider  circle  of  readers  the  results  of  the  present  discussion  the 
probable  Em-opean  equivalents  of  these  floras  should  be  indicated,  although  it  is  admitted  that 
attempted  exact  correlations  between  geologic  formations  on  opposite  sides  of  the  Atlantic 
must  always  be  more  or  less  untrustworthy. 

In  Em-ope  there  are  available  for  comparison  abundant  Cenomanian  floras  in  Portugal, 
Fraiice,  Germany,  and  especially  in  eastern  Europe  (Bohemia,  Dahuatia,  and  other  regions). 
The  Turonian  of  Em-ope,  on  the  other  hand,  is  for  the  most  part  lacking  in  fossil  plants,  which 
become  abimdant  again  in  the  Senonian  of  Prussia,  Saxony,  and  Bohemia.  Our  Dakota  flora 
has  always  been  considered  Cenomanian;  most  paleozoologists  have  considered  the  Benton  as 
Tm-onian  (a  view  that  is  widely  accepted  in  this  comitry  at  the  present  time) ;  and  the  Montana 
group  has  been  uniformly  considered  as  representing  part  of  the  Senonian.  The  Atlantic 
Cretaceous  floras  have  been  considered  Cenomanian,  and  the  associated  and  overlymg  famias 
Senonian  (exclusive  of  the  Rancocas  and  Manasquan  faunas  of  New  Jersey,  which  have  been 
justly  considered  Danian  by  Clark  and  others). 

In  the  writer's  opinion  no  Cenomanian  floras  are  known  in  America,  unless  the  Raritan 
flora  and  that  of  the  Washita  group  of  the  Texas  and  southern  Arkansas  area  represent  that 
stage  of  European  geology,  and  the  post-Raritan  floras  of  the  East '  are  for  the  most  part  of 
Turoman  age,  as  is  also  the  major  part,  at  least,  of  the  Dakota  flora  of  the  West.^ 

The  occm-rence  and  range  of  the  species  of  the  South  Carolina  Cretaceous  which  form  the 
partial  basis  of  the  foregoing  discussion  are  fully  set  forth  in  the  accompanying  tables: 
Approximate  equivalents  of  the  plant-bearing  Cretaceous  deposits  of  South  Carolina. 


South  Carolina. 

North  Carolina. 

Western  -\Iabama. 

New  Jersey-Maryland. 

Europe. 

Marine  Cretaceous 
(no  known  flora). 

Marine  Cretaceous 
(no  known  flora). 

Marine  Cretaceous 
(no  known  flora). 

Marine  Cretaceous 
(no  k-nown  flora). 

Emscherian. 

^^--^^             Blauk  Creek. 

Black  Creek. 

Eutaw. 

Matawan 

(Marine,  wi'h  no  known 

flora). 

Turonian. 

Magothy. 

arkose  member  of  ^\^ 
Black  Creek              ^\^ 

Tuscaloosa. 

Uiatus. 

Raritan. 

Hiatus. 

Hiatus. 

Cenomanian. 

Lower  Cretaceous 
(no  known  flora). 

Lower  Cretaceous 
(no  known  flora). 

Carboniferous. 

Lower  Cretaceous,  Triossic, 
or  crystalline  rocks. 

1  With  the  e.Kception  of  the  meager  floras  in  the  Ripley  formation  and  its  equivalents. 

'  Some  paleontologists  consider  the  Coastal  Plain  plant-bearinc  formations  to  be  lower  Senonian. 
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Distribution  of  Upper  Cretaceous  plants  in  South  Carolina  and  their  range  elsewhere. 


Black  Creek  formation  of  South  Carolina. 
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Figures  1-6.  Lycopodium  cretaceum  Berry,  Miildendorf 15 

1.  Large  fruit  spike. 

2.  Smaller  fruit  spike,  X  5- 

3.  A  single  scale,  X  10. 

4.  Diagrammatic  ventral  'vdew  of  sporophyll,  X  10. 

5,  6.  Diagrammatic  view  of  sporophyll  in  median  longitudinal  section,  X  10. 

Figures  7,8.  Onoclea  inquirenda  (Hollick)  Hollick,  Middendorf 14 

Figures  9-13.  Protophyllocladiis  lobatus  Berry,  Rocky  Point 17 

Figures  14-17.   Widdringtonites  subtilis  Heer,  Middendorf 25 

14,  15.  Cones. 
10.  Twig. 
17.  Twig  enlarged. 
Figures    18,  19.   Widdnngtonites  reichii  (Ettingshausen)  Heer.     Cone-bearing  twigs  from  the  Cenomanian  of 
Dalmatia,  introduced  for  comparison. 
All  the  specimens  except  those  shown  in  figures  18  and  19  are  from  the  Middendorf  arkose 
member  of  the  Black  Creek  formation. 
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Figure  1.  Araucaria  darliugtonensis  Berry,  near  Darlington 20 

Figure  2.  Brachyphyllum  macrocarpum  Newberry,  Middendorf 21 

Figure  3.  Heterolepis  cretaceus  Berry,  Rocky  Point 27 

Figure  4.  Cephalotaxospermum  carolininnum  Berry,  near  Florence 18 

Figure  5.  Strobilites  anceps  Berry,  near  Darlingtoc 27 

Figures  6,  7.  Detached  leaves  of  Araucaria  bladenensis  Ben-y,  near  Florence 19 

The  specimens  shown  in  figures  2  and  3  are  from  the  Middendorf  arkose  member  of  the  Black 
Creek  formation.    Those  shown  in  figures  1,  4,  5,  6,  and  7  are  from  other  beds  in  the  Black 
Creek  formation. 
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Figures  1-4.  Sequoia  reichenbachi  (Geinitz)  Heer,  Middendorf 23 

1.  Cone-bearing  twigs. 

2—4.  Twigs  showing  variations  in  size  and  appearance. 

Figure  5.  Podozamites  knowltoni  Berry,  Rocky  Point 16 

Figure  6.  Potamogeton  middendor/ensis  Berry,  Middendorf 27 

Figure  7.  Arundo  granlandim  Heer  (?),  Rocky  Point 28 

All  the  specimens  are  from  the  Middendorf  arkose  member  of  the  Blai  k  I'reek  formation. 
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Sabalites  carolinensis  Bern',  showing  hroad  rays.     From  ^Fiddendorf  arkose  nieml>er  of  llie  Black  Creek  forma- 
tion, near  Langley 29 
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Sabalites  carolinensis  Berry,  showing  keeled  and  narrowed  rays  near  point  of  insertion  on  the  rachis.     From 

Middendorf  arkose  member  of  the  Black  Creek  formation-,  near  Langley 29 
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FIGURES  1-4.   Moriconia  amerkana  Berry,  Middendorf 

Figures  5-10.  Crotonophyllum  pandurxformis  Berry 

5.  Rocky  Point. 

6-8.  Langley. 

9-10.  Middendorf. 
Figures  11-13.  Salit  lesquereuxii  Berry 

11.  Middendorf. 

12.  Rocky  Point. 

13.  Langley. 

Figures  14-16.  Salixflexuosa  Newberry,  Middendorf ^^ 

Figures  17, 18.   Mijrica  brittoniana  Berry,  Black  Creek 

All  the  specimens  except  thoBe  shown  in  figures  17  and  18  are  from  the  Middendorf  arkose 
member  of  the  Black  Creek  formation.     The  specimens  shown  in  figures  17  and  18  are  from  other 
beds  in  the  Black  Creek  formation. 
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Figures  1,  2.   Juglans  arctica  Heer,  Rocky  Point 3(1 

Figures  3-9.  Dewalqufa  smilhi  Berry,  near  Langley 41 

Figures  10-12.  Salix  sloani  Berrj^,  near  Langley 34 

Figure  13.  Leguminosites  middendorfensis  Berry,  Middendorf 46 

Figure  14.   Cinnamomuin  middendorfensis  Bern,',  Middendorf 55 

All  the  specimens  are  from  the  Middendorf  arkose  member  of  the  Black  Creek  formation. 
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Figure  1.   Cinnamomum  middendor/ensis  Berry,  Middendorf 55 

Figures  2,  3.  Magnolia  tenuifolia  Lesquereux  (?),  Middendorf 44 

Figure  4.  Myrica  elegans  Berry,  near  Darlington 31 

Figure  5.  Quercus  pseudoweslfalica  Berry,  Rocky  Point 35 

Figure  6.  Sapindus  morrisoni  Heer,  near  Langley 49 

Figures  7,  8.  Rhus  darlingtonensis  Berry,  near  Darlington 51 

Figures  9,  10.  Acadaphylliles  grevilleoides  Berry,  Middendorf 45 

Figure  11.  Leguminosites  rohinilfoUa  Berry,  Langley 46 

Figures  12,  13.  Cinnamomum  newberryi  Berry,  Rocky  Point 54 

All  the  specimens  except  those  shown  in  figures  4,  7,  and  8  are  from  the  Middendorf  arkose 

member  of  the  Black  Creek  formation.     The  specimen?  shown  in  figures  4,  7,  and  8  are  from 

other  beds  of  the  Black  Creek  formation. 
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Figure  1.  Proteoides  laneifolius  Heer,  Middendorf 40 

Figure  2.  Hainamelites?  cordatus  Lesquereux,  Rocky  Point 45 

Figure  3.   Magnolia  capellinii  Heer  (?),  Rocky  Point 43 

Figure  4.  Calyciles  viiddendorfensis  Berry,  Middendorf 63 

Figure  5.  Proteoides  parvula  Berry,  Middendorf 40 

Figure  6.  Pachystima?  cretacea  Berry,  Middendorf 49 

Figure  7.  Cxsalpinia  middendorfensis  Berry,  Middendorf 46 

Figure  8.  Salix  pseudohayei  Berry,  Middendorf 34 

Figures  9,  10.  Quercus  sumterensis  Berry,  Rocky  Point 35 

Figure  11 .  Ficus  atavina  Heer,  Rocky  Point 36 

Figure  12.  Fieus  crassipes  Heer,  Rocky  Point 37 

All  the  specimens  are  from  tlie  Middendorf  arkose  member  of  the  Black  Creek  formation. 
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Figure  1.  Sa(>T.  flexuosa  Newbem',  Lano;ley 32 

Figure  2.  Laurus  plutonia  Heer,  Langley : 52 

Figure  3.  Diospyros  primseva  Heer,  Langley - 61 

Figures  4-7.  Ficus  krausiana  Heer,  Rocky  Point 38 

All  the  specimens  are  from  the  Middeudorf  arkose  member  of  the  Black  Creek  formation. 
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Figures  1-3.  Fiats  stephensoni  Berry 38 

1,3.  Langley. 
2.  Middendorf. 

Figure  4.  Ficus  celtifolius  Berry,  Middendorf 37 

Figure  5.   Momisia  carolinensis  Berry,  Middendorf 36 

Figure  6.  Laurophyllum  elegans  HoUick,  Middendorf 53 

Figure  7.  Laurophyllum  nervillosum  Hollick,  Middendorf 54 

Figures  8-10.  Ficus  crassipes  Heer,  Rocky  Point 37 

All  the  specimens  are  from  the  Middendorf  arkose  member  of  the  Black  Creek  formation. 
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Figures  1-5.   Celastrophyllum  carolinensis  Berry 51 

1—4.  Middendorf. 
5.  Restoration. 

Figure  G.  Laurus  plutonia  Heer,  Middendorf 52 

Figure  7.  Laurus  atanensis  Berry,  Rocky  Point 53 

Figures  8-12.  Eumlyplus  geinitzi  (Heer)  Heer 56 

8,  10,  11,  12.  Middendorf. 
9.  Rocky  Point. 
All  tlie  .specimens  are  from  the  Middendorf  arkose  member  of  the  Black  Creek  formation. 
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Figure  1.  Eucalyptus  geimtzi  (Ileer)  Heer,  Rocky  Point 56 

Figure  2.  Eucah/ptus  angusta  VeleDovsky,  Black  Creek 55 

Figures  3,  4.  Eucalyptus  wardiana  Berry  (?),  Middendorf 57 

Figures  5,  6.  Andromeda  novxcxsarcx  Hollick,  Middendorf 58 

Figure  7.  Andromeda  euphorbiophylloides  Berry,  Middendorf 59 

Figure  8.  Illicmm  walereensis  Berry,  Rocky  Point 44 

Figure  9.  Myrsine  gaudini  (Lesquereux)  Berry,  Langley - 61 

Figure  10.  Andromeda  grandifolia  Berry,  Rocky  Point 59 

Figure  11.   Celaslrophyllum  elegans  Berry,  Rocky  Point 50 

Figures  12,  13.  Diospyros  primxva  Heer,  Langley 61 

Figure  14.  Diospyros  rotundifolia  Lesquereux,  Rocky  Point 62 

All  the  specimens  except  that  shown  in  figure  2  are  from  the  Middendorf  arkose  member 

of  the  Black  Creek  formation.      The  specimen  shown  in  figure  2  is  from  another  part  of  the 

Black  Creek  formation. 
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THE  UPPER  CRETACEOUS  FLORA  OF  GEORGIA. 
INTRODUCTION. 

Up  to  the  time  of  the  present  study  no  fossil  plants  had  been  specifically  recorded  from  the 
Coastal  Plain  of  Georgia,  although  S.  W.  McCalhe  mentions  several  Eocene  plant  locahties  and 
one  of  Cretaceous  age  in  his  report  on  the  underground  waters  of  Georgia,'  and  one  of  the 
localities  which  has  furnished  materials  for  the  follo\vuig  notes  is  mentioned  by  Otto  "\"eatch  in 
his  recent  report  on  the  clay  deposits  of  Georgia.^  In  1894  D.  W.  Langdon  recorded  leaf  frag- 
ments in  the  Cretaceous  at  Chimney  Bluff  on  Chattahoochee  River,''  and  in  a  recent  note  on 
this  flora  the  WTiter  *  hsts  a  number  of  the  forms  found  in  the  Georgia  Cretaceous  and  discusses 
briefly  the  botanic  and  ecologic  conditions  which  they  indicate. 

Both  Lower  and  Upper  Cretaceous  rocks  are  present  in.  Georgia.  The  Lower  Cretaceous 
sands  and  clays  form  a  belt  of  varying  width  extending  across  the  State  along  the  eastern  border 
of  the  Piedmont  Plateau  from  Augusta  to  Columbus  and  appear  to  be  continuous  with  the 
so-called  "Hamburg  beds"  of  South  Carohna.  They  are  probably  to  be  correlated  with  the 
Patuxent  ("Cape  Fear")  formation  of  North  Carolina,  which  in  turn  is  correlated  with  the 
Patuxent  formation  of  Maryland  and  "S'irginia,  rather  than  with  the  younger  Tuscaloosa  forma- 
tion of  western  Alabama,  as  has  been  done  by  Veatch,'  for  L.  W.  Stephenson  has  shown 
that  the  Tuscaloosa  overhes  them  unconformably  in  the  area  of  then-  most  western  outcrop, 
a  short  distance  west  of  Montgomery,  Ala. 

The  Upper  Cretaceous  formations  of  Georgia  have  been  recently  studied  by  Mr.  Stephenson, 
who  has  in  preparation  a  detailed  report  on  the  geology,  and  they  wiU  not  be  considered  in 
detail  in  the  present  contribution.  A  brief  statement  is,  however,  necessary,  and  the  wi'iter 
is  under  obhgations  to  Mr.  Stephenson  for  furnishing  data,  especially  regardmg  the  plant 
localities  near  Buena  Vista  and  Byron.  These  locahties  have  not  been  visited  by  the  writer, 
who  is  familiar  only  with  the  Cretaceous  of  the  Chattahoochee  River  section  and  of  an  area 
near  Columbus,  Ga. 

GEOLOGY   OF  THE  UPPER   CRETACEOUS   DEPOSITS    OF   GEORGIA. 

Deposits  of  Upper  Cretaceous  age  in  Georgia  are  confined  to  a  triangular  area  lying  west 
of  Ocmulgee  River  and  are  transgressed  east  of  that  point  by  the  Eocene.  The  relatively 
narrow  base  of  this  triangle  is  formed  by  Chattahoochee  River,  and  the  apex  points  somewhat 
north  of  east.  These  Upper  Cretaceous  deposits  represent  the  Eutaw  and  Ripley  formations, 
and  each  formation  is  subdivided  on  more  or  less  weU-marked  lithologic  grounds  into  the  fol- 
lowing divisions: 

Ripley  formation. 

Providence  sand  member. 

Middle  division  ("Renfroes  marl"  of  Veatch). 

Cusseta  sand  member. 
Eutaw  formation. 

Tombigbee  sand  member. 

Lower  division. 


I  Bull.  Georgia  Geol.  Survey  No.  15, 1908,  pp.  36,  336,  347. 

'  BuU.  Georgia  Geol.  Surrey  No.  18, 1909,  p.  88. 

'  Langdon,  D.  W..  Report  on  the  geology  of  the  Coastal  Plain  of  .\labama,  1S94,  p.  440. 

'  Berry,  E.  W.,  BuU.  Torrey  Hot.  Club,  vol.  37, 1910,  pp.  503^11,  flgs.  1,  2. 
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BIPI^Y  FORMATION. 

CiLsseta  sand  member. — The  Cusseta  member  is  typically  developed  in  southeastern  Chatta- 
hoochee Comity,  near  the  town  of  Cusseta,  where  it  consists  of  noncalcareous,  rather  mica- 
ceous, mostly  unconsoUdatcd  quartz  sands  with  local  lenses  of  laminated  clays  and  more  exten- 
sive lenses  of  dark,  massively  bedded  clays.  It  loses  its  distinctive  charactei  to  the  west  along 
Chattahoochee  Kiver,  where  it  is  more  or  less  glaucouitic  and  fossiUferous,  and  to  the  north- 
cast,  where  it  merges  with  the  underlying  and  overlying  Upper  Cretaceous  sands.  Beds  beUeved 
to  represent  this  horizon  are  fossiliferous  along  the  Chattahoochee  and  contain  plant  fossils  near 
Buena  Vista  and  near  Byron. 

Middle  division. — The  middle  part  of  the  Ripley  formation  consists  essentially  of  massive, 
micaceous,  calcareous,  and  in  many  places  glaucouitic  sand  with  calcareous  nodules  and  dark, 
argillaceous,  pyritiferous,  hgnitic  sands  and  clays,  the  sands  predominating.  These  deposits 
preserve  their  identity  more  or  less  completely  from  Chattahoochee  River  eastward  across 
Stewart,  Marion,  and  Schley  comities,  merging  in  Macon  County  with  the  underlying  and  over- 
IjTiig  Cretaceous  sands.  They  carry  an  abundant  marine  famia,  and  beds  of  this  age  across 
the  border  in  Alabama  have  yielded  a  small  flora  markedly  cUiferent  in  character  from  that 
described  in  the  following  pages. 

Providence  sand  member. — The  Providence  sand  consists  essentially  of  variegated,  more  or 
less  cross-bedded  sands  which  pass  gradually  into  the  miderlying  middle  division  of  the  Ripley 
("Renfroes  marl"  of  Veatch),  with  the  representatives  of  which  they  merge  toward  the  east. 
They  are  unfossiliferous  and  hence  without  interest  in  the  present  connection. 

EUTAW  FORMATION. 

Lower  division. — The  part  of  the  Eutaw  formation  in  the  Georgia  area  which  underlies  the 
Tombigbee  member  consists  predominantly  of  sands,  coarse  toward  the  landward  margin,  and 
elsewhere  m  many  places  calcareous  and  locally  argillaceous  and  more  or  less  glaucouitic. 
Lenses  of  dark  laminated  clay  are  not  uncommon  and  contain  many  large  teredo-bored  logs. 
Silicified  wood  is  common  in  the  sands.  At  certain  localities  moUuscan  remains  are  not  uncom- 
mon, and  the  clay  lenses  ordinarily  carry  vegetable  matter.  Along  Chattahoochee  River  the 
sands  of  the  lower  division  of  the  Eutaw  are  in  places  semilitliilied  by  the  development  of  several 
courses  of  nodules  cemented  by  carbonate  of  lime.  Eastward  the  deposits  pass  into  uncon- 
sohdated,  cross-bedded,  ferruginous,  and  unfossihferous  sands. 

The  areal  extent  of  these  lower  deposits  is  not  great.  They  underhe  the  nortliern  part  of 
Chattahoochee  and  Marion  counties,  a  small  part  of  southern  Muscogee  Comity,  and  western 
Taylor  County,  beyond  which  they  are  not  separable  from  the  similar  unconsoUdated  sands 
which  characterize  the  overlying  Upper  Cretaceous  deposits.  They  contain  a  fairly  representa- 
tive flora  both  in  their  basal  and  upper  portions. 

Tombigbee  sand  member. — ^The  Georgia  representative  of  the  Tombigbee  sand  member  of 
the  Eutaw  formation  of  Mississippi  and  Alabama  is  distinctive  in  character  only  along  Chatta- 
hoochee River  and  for  a  few  miles  to  the  northeast,  where  it  consists  of  more  or  less  calcareous 
clays  which  are  locally  hgnitic  and  of  more  or  less  argillaceous  sands  with  thiii  la3'ers  of  cal- 
careous nodules.  Eastward  it  can  not  be  traced  beyond  Marion  County,  where  it  becomes 
more  sandy  and  is  indistinguishable  from  the  adjacent  deposits  of  the  Eutaw  formation  and 
from  the  overlying  Cusseta  sand  member  of  the  Ripley  formation.  It  contains  marine  inver- 
tebrates but  has  failed  to  jdeld  any  recognizable  plant  remains. 

PLANT  LOCALITIES. 

Determmable  fossil  plants  have  been  collected  in  the  Upper  Cretaceous  of  Georgia  from 
five  different  localities,  each  of  wliich  Avill  be  briefly  described. 
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MCBRIDES    FORD. 

Tlie  locality  at  McBrides  Ford  is  on  the  left  bank  of  Upatoi  Creek  in  Chattahoochee  County, 
about  10  miles  southeast  of  Columbus,  Ga. 

The  lower  Eutaw  deposits,  which  are  above  the  ford,  rest  with  a  marked  unconformity 
on  Lower  Cretaceous  clays.  At  the  base  they  show  fine  gravel,  grading  upward  into  coarse 
cross-bedded  sands  with  clay  laminae.  At  one  point  about  10  feet  above  low  water  a  small 
lens  of  dark-drab  clay,  not  more  than  12  or  15  inches  in  thickness  and  pinching  out  laterally 
within  a  few  feet,  furnished  the  plant  remains  listed  from  this  locality.  Two  large  leaves  of 
Manihotites  were  lying  close  together  and  possibly  were  derived  from  the  same  plant.  Similar 
smaU  lenses  of  clay  along  the  low  bank  of  the  creek  showed  traces  of  leaves  and  much  com- 
minuted vegetable  matter  but  nothing  recognizable. 

The  species  identified  from  this  locality  only  a  few  feet  above  the  base  of  the  formation 
and  near  its  landward  margin  are : 


Andromeda  cretacea  Lesquereux? 

Andromeda  wardiana  Lesquereux. 

Androvettia  elegans  Berry. 

Aralia  eutawensis  Berry. 

Brachyphyllum  macrocarpum  formosum  Berry. 

Cinnamomuni  heerii  Lesquereux? 

Cinnamomum  newberryi  Berry. 

Eucalyptus  angusta  Velenovsky. 

Ficus  ovatifolia  Berry. 

Juglans  arctica  Heer? 

The  Secjuoia  and  Androvettia  are  the  most  abundant  forms.  In  addition  to  the  plants  in 
the  list  several  species  of  dicotyledons  represented  by  umdentifiable  fragments  and  a  specimen 
of  an  undeterminable  fern  of  the  Asplenium  type  were  collected. 


Magnolia  boulayana  Lesquereux. 
Magnolia  capellinii  Heer. 
Manihotites  georgiana  Berry. 
Menispermites  variabilis  Berry. 
Paliurus  upatoiensis  Berry. 
Salix  flexuosa  Newberry. 
Sequoia  reichenbachi  (Geinitz)  Heer. 
Tumion  carolinianum  Berry? 
Zizj-phus  laiu'ifolius  Berry. 


BROKEN    ARROW    BEND. 

The  locality  at  Broken  Arrow  Bend  includes  outcrops  on  both  banks  of  (Chattahoochee 
River  about  13  miles  below  Columbus.  The  one  farthest  up  the  river,  on  the  Alabama  bank, 
contains  marine  mvertebrates;  the  other,  on  the  left  bank,  about  100  yards  farther  down- 
stream, in  Chattahoochee  County,  Ga.,  shows  a  much  more  extensive  section  and  includes 
the  fossil  plants  enumerated  below.  At  the  base  of  the  bluff  in  places  the  much-eroded 
surface  of  the  Lower  Cretaceous  rises  to  a  height  of  about  5  feet.  Overlying  this  are  coarse 
cross-bedded  sands  of  the  lower  Eutaw  with  gravel,  much  lignite,  and  a  few  smaU  lenses  of 
dark  "shaly"  clay  about  a  foot  in  thickness  and  10  to  15  feet  in  diameter,  carrying  poor  leaf 
impressions  and  considerable  comminuted  vegetable  matter. 

The  identifiable  species  are: 


SaUx  flexuosa  Newberry. 

Sequoia  reichenbachi  (Geimtz)  Heer. 


Malapoenna  horrellensis  Berry? 
Phragmites  pratti  Berry. 
Salix  eutawensis  Berry. 

An  undeterminable  leaf  of  Ficus  was  also  found  here.  The  Sequoia  is  characteristic  and 
is  the  most  abundant  type.  Next  in  abundance  is  Salix  eutawensis,  the  leaves  of  which  are, 
however,  usually  much  broken. 

CHIMNEY    BLUFF. 

The  locality  at  Chiimiey  Bluff  is  on  the  left  bank  of  Chattahoochee  River  about  22  miles 
below  Columbus,  in  Chattahoochee  Covmty.     (See  PI.  XV,  A.) 

At  this  point  the  Eutaw  shows  about  25  feet  of  irregularly  bedded,  laminated  and  cross- 
bedded,  very  lignitic,  pyritiferous  sand  and  clay,  with  small  lenses  of  dark-drab  clay  carrying 
plant  remains,  the  whole  overlain  by  a  lens  of  fine  gray  sand  about  10  to  15  feet  thick,  above 
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■which,  without  imconformity,  are  about  50  feet  of  yellowish  or  greenish  very  argillaceous  sands 
which  carry  casts  of  marine  invertebrates  and  which  are  believed  to  represent  the  Tombigbee 
sand. 

The  identifiable  plants,  which  are  from  a  layer  near  the  top  of  the  lower  division  of  the 
Eutaw,  are  as  follows : 


Salix  flexuosa  Newberry. 
Salix  lesquereuxii  Berry. 
Sequoia  reichenbachi  (Geinitz)  Heer. 


Araucaria  bladjnensis  Berry. 
Araucaria  Jeffrey!  Berry. 
Ficus  crassipes  Heer. 
Ficus  kraiisiana  Heer. 

At  this  locality  the  Sequoia  is  rare  and  the  commonest  plant  is  Araucaria  bladenensis, 
represented  for  the  most  part  by  macerated  twigs  and  detached  leaves,  though  bett.er  preserved 
twigs  of  considerable  size  are  not  imcommon.  The  lower  part  of  the  exposure  is  remarkable 
for  its  lignite.  Large  teredo-bored  logs,  some  of  them  2  to  3  feet  in  diameter,  are  not  imcommon, 
and  pellets  of  fossil  resin  (amber)  are  also  present.  In  view  of  the  persistent  association  of  tliis 
fossil  resin  with  Araucaria  remains  from  North  Carolina  southward  it  seems  probable  that  not 
all  Upper  Cretaceous  ambers  are  derived  from  species  of  Pinus,  though  this,  as  sho\\Ti  by 
Hollick  and  Jeffrey,  is  the  source  of  the  amber  from  Staten  Island,  N.  Y. 

Leaf  impressions  were  discovered  at  this  locality  in  1888  by  the  late  D.  W.  Langdon,  of 
the  Alabama  Geological  Survey,  who  mentioned  their  occurrence  in  several  pubUcations,  but 
no  collections  were  made  imtil  the  writer's  visit  in  1909. 


LOCALITY    NEAR    BUENA    VISTA. 


The  fossil  plants  from  the  locality  near  Buena  Vista  (see  PI.  XV,  B)  were  collected  by 
L.  W.  Stephenson  in  a  gidly  along  the  Buena  Vista-Tazewell  road  about  6  miles  northeast  of 
Buena  Vista,  in  Marion  Coimty,  in  deposits  referred  by  him  to  the  Cusseta  sand  member  of 
the  Ripley  formation.     The  species  identified  are  the  following: 


Andromeda  novaecsesareie  Hollick. 
Araucaria  bladenensis  Berry. 
Doryantliites  cretacea  Berry. 


Eucalyjitus  angusta  Velenovsky. 
Ficus  georgiana  Berry. 
Manihotites  georgiana  Berry. 


The  leaf  impressions  are  scattered  and  poor,  perhaps  the  most  abundant  form  being  the  Dory- 
antliites. The  Ai-aucaria  is  represented  by  detached  leaves,  and  all  of  the  remams  show  evidence 
of  trituration. 

LOCALITY    NEAR    BYRON. 

The  locality  about  H  miles  northeast  of  Byron,  m  Houston  Coimty,  is  in  a  cut  of  the  Cen- 
tral of  Georgia  Railway  on  the  north  side  of  the  track  The  plants  were  collected  by  L.  W. 
Stephenson  and  are  referred  by  him  to  the  Cusseta  sand  member.  The  materials  m  this  area 
are  predominantly  coarse,  ci'oss-bedded,  rather  incoherent  arkosic  sands  with  local  clay  lenses 
of  small  extent.  The  leaf  remains  from  this  point  are  contained  in  a  massive  dark-drab  claj^ 
which  carries  much  comminuted  vegetable  matter  and  grades  both  horizontallj"  and  vertically 
into  laminated  clay  with  fine  sand  partings.  The  plants  are  few  and  poor  and  include  the 
following  recognizable  forms: 

Araucaria  jeffreyi  Berry. 

Cunningliaraites  elegans  (Corda)  Endlicher. 

Dryopterites  stephensoni  Berrj'. 


The  Cunninghamites  is  the  commonest  form  but  is  very  poorly  preserved, 
contains  undeterminable  fragments  of  dicotyledonous  leaves. 


The  collection  also 
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SYSTEMATIC   DESCRIPTION   OF  THE  FLORA. 

Phylum  PTERIDOPHYTA. 

Order  FILICALES. 

Family  POLYPODIACEffi. 

Genus  DRYOPTEKITES  Berry. 

Drtopterites  stephensoni  sp.  nov. 
Plate  XVir,  figures  1  and  2. 

Description. — Fronds  bipinnate  or  possibly  tripinnate.  Pinnules  tliick  in  texture,  ovate  to 
lanceolate  in  outline,  ascending,  merging  toward  the  ajiex  of  the  pinna:-.  A  single  vein  enters 
each  pinnule,  branching  from  the  rachis  at  an  extremely  acute  angle  and  immediately  breaking 
up  into  three  branches,  the  upper  as  a  rule  remaining  simple  and  running  to  the  upper  margin, 
the  lower  generally  forking  once  and  running  to  the  lower  lateral  margin,  and  the  middle  dividing 
four  or  five  times  to  form  the  main  vascular  system  of  the  pinnule.  The  distal  branches  com- 
monly remain  simple  and  the  proximal  generally  fork  once. 

This  species  is  based  upon  the  specimen  figured  and  its  counteipart.  It  is  quite  distinct 
from  any  ferns  previously  known  from  the  American  Upper  Cretaceous  but  suggests  various 
forms  previously  described,  for  example,  the  fern  remains  described  liy  Debey  and  Ettings- 
hausen  from  Aachen  (Emscherian),  on  the  Prussian  border,  as  Ptmdolemma  gymtwrachis} 
Other  forms  which  show  a  superficial  resemblance  to  the  one  under  consideration  are  those 
described  by  Kerner  from  Lesina,  Dahnatia  (Cenomanian),  as  various  species  of  Pachypteris.^ 

Still  other  fern  remains  described  as  Sphenopteiis  grmUioides  Ileer,^  GrtiiUea  tenera 
Velenovsky,^  and  Tliyrsoptens  greinllioides  HoUick,^  which  range  from  the  Kome  beds  (Barremian) 
of  Greenland  to  the  Upper  Cretaceous  of  Marthas  Vinej^ai'd  (Magothy  formation),  are  suggestive 
of  the  Georgia  fern  in  general  aspect  but  are  seen  to  difl'er  both  in  outline  and  venation  when 
careful  comparisons  are  instituted.  The  modern  genus  Dryopteris  of  Adanson  (Aspidium 
Swartz)  has  more  than  1,000  species  of  wide  geographic  distribution  in  the  existing  flora. 
Fossil  species  have  been  described  from  the  Lower  Cretaceous  upward. °  The  Upper  Cretaceous 
records  include  Dryopteris  oerstedi  (Ileer)  Ivnowlton  from  the  Atane  and  Patoot  beds  of 
Greenland '  and  Dryopteris  Ictnnerleyi  (Newberry)  Knowlton  from  Vancouver  Island,  neither 
of  which  appears  to  be  closely  related  to  the  Georgia  plant. 

Occurrence. — Cusseta  sand  member  of  the  Ripley  formation,  cut  on  Central  of  Georgia 
Railway,  1 J  miles  northeast  of  Byron,  Houston  County.     (Collected  by  L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museum. 

Phylum  SPERMOPHYTA. 

Class  GYMNOSPERMiE. 

Order  CONIFER  ALES. 

Genus  ANDROVETTIA  HoUick  and  Jeffrey. 

Androvettia  elegaxs  sp.  nov. 

Plate  XVIII,  figures  1-10. 

Description. — These  remains  consist  of  bifacial  leafy  twigs  arranged  in  a  distichous  and 
apparently  opposite  manner  on  naked  stems,  very  fernlike  in  general  aspect.     These  phylloclad- 

1  Deiikschr.  K.  Akad.  Wiss.  Wien,  vol.  17, 18o9,  p.  234,  PI.  VII,  figs.  21,  22. 

'  Jahrb.  K.-k.  geol.  Reichsanstalt,  vol.  45,  1S95,  pp.  39  et  seq. 

'  Heer,  Oswald,  Flora  fossilis  aretica,  vol.  3,  Abth.  2,  1874.  p.  34.  PI.  XI,  figs.  10  and  11. 

*  A'elenovsky,  J.,  Die  Flora  der  bohmischen  Kreideformation,  pt.  4, 1.S85,  p.  II,  PI.  VII,  figs.  9, 14.  and  16. 

'  HoUick,  Arthur,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey,  vol.  50, 1907,  p.  31,  PI.  I,  figs.  10-13. 

6  These  were  set  apart  from  the  modern  genus  as  the  genus  Dryopterites  by  the  WTiter  in  1911. 

'  The  form  identified  as  this  species  from  the  Patapsco  formation  of  Virgina  is  Cladophkbis  brovniana. 
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like  lateral  twigs  are  not  simple  shoots  but  reduced  branches  of  a  higher  order,  for  they  are  made 
up  of  regularly  alternating  leaves  and  reduced  leaf-bearing  lateral  twigs  in  the  axUs  of  these 
leaves.  Phyllotaxy  and  arrangement  of  twigs  are  apparently  cyclic  throughout,  but  much 
masked  by  reduction,  especially  of  those  leaves  on  the  fiat  surfaces.  The  lateral  leaves  are 
opposite,  stout,  falcate,  pointed,  and  markedly  decurrent,  with  a  single  immersed  stout  leaf 
trace;  proximaUy  they  coalesce  with  their  fellows.  The  leaves  on  the  upper  and  lower  surfaces 
are  apparent  on  magnification  as  bluntly  rounded  scales  along  the  middle  of  the  phylloclad. 
Between  each  successive  lateral  leaf  there  is  a  rounded  toothed  lobe  about  twice  as  long  as  the 
leaves  which  represent  a  vestigial  axillary  branch.  These  lobes  show  vestiges  of  several  leaves 
not  only  by  the  marginal  teeth  but  also  by  the  lines  of  adhesion,  which  can  be  traced  for  greater 
or  less  distances  inward.  The  vascular  system  of  these  reduced  lateral  twigs  can  not  be  made 
out  satisfactoi-Uy.  Each  shows  a  smgle  once-forked  strand,  the  two  forks  running  to  the  tips 
of  the  reduced  basal  leaves  of  the  twig.  Whether  this  represents  all  that  is  left  of  the  vascular 
system  of  these  twigs  can  not  be  made  out.  In  the  more  reduced  Androvettia  carolinensis  Berry 
these  twigs  are  usually  represented  by -a  single  rounded  lobe  which  contains  but  one  once-forked 
strand  like  that  in  the  Georgia  material. 

Distally  some  specimens  show  clusters  of  small  terete  twigs  in  the  axils  of  lateral  leaves  of 
the  main  shoots.  These  twigs  are  covered  with  small,  ovate,  appressed  leaves.  Similar  objects 
are  present  in  some  of  the  material  of  Androvettia  statenensis  from  Kreischerville,  Staten  Island 
each  of  which  springs  from  the  axil  of  a  normal  leaf  of  the  axillary  shoot  and  is  doubtfully 
interpreted  as  a  male  ament.  This  may  be  the  nature  of  these  remarkable  objects,  although 
no  traces  of  pollen  or  pollen  sacs  can  be  made  out  in  microscopic  preparations  of  the  Georgia 
fossil.  They  can  hardly  represent  anything  but  aments  or  a  most  curious  ijj)e  of  dimorphic 
foliage.  The  illustrations  show  typical  specimens  of  the  normal  and  dimorphic  tvpe,  natural 
size  and  also  enlarged  4  diameters,  as  well  as  the  apical  part  of  one  of  the  lateraltwigs  of  the 
normal  type  enlarged  45  diameters. 

This  remarkable  genus  was  erected  by  HoUick  and  Jeffrey  '  for  the  reception  of  a  single 
species  discovered  recently  in  the  upper  part  of  the  Karitan  formation  near  Kreischerville, 
Staten  Island,  and  the  describers  content  themselves  with  a  very  good  account  of  this  species 
and  refrain  from  framing  a  generic  diagnosis.  This  laudable  conservatism  is  abundantly  justified 
by  the  writer's  discovery  of  two  additional  species  which  can  not  be  generically  separated  from 
the  Staten  Island  species  and  which  furnish  a  number  of  additional  characters  that  serve  to 
isolate  this  genus. 

These  remains  are  all  entirely  fernhke  in  superficial  appearance,  uniformly  coriaceous  in 
texture,  and  by  the  details  of  their  external  characters  and  internal  structure  are  indubitable 
gymnosperms  of  the  order  Coniferales.  Their  positive  reference  to  the  Araucarinea?  by  Hollick 
and  Jeffrey  wUl  undoubtedly  be  questioned  by  many  students. 

Androvettia  carolinensis  is  not  common  and  is  confined  to  a  single  locahty  on  Tar  River 
in  North  Carohna  and  to  a  recently  discovered  locahty  at  about  the  same  horizon  near  luka 
in  northeastern  Mississippi.  It  evidently  had  a  wide  range,  and  its  scarcity  in  the  fossU  state 
may  possibly  be  due  to  its  habitat  having  been  remote  from  the  areas  of  sedunentation.  What 
makes  this  theory  seem  plausible  is  the  fact  that  although  the  remains  are  extremely  coriaceous 
they  are  much  broken  both  in  North  Carohna  and  Mississippi,  as  if  they  had  been  in  the  water 
a  long  time,  and  possibly  they  were  brought  down  from  the  upland  by  streams.  The  Georgia 
material  is  more  abundant,  but  is  also  confined  to  a  single  known  locality.  The  lateral  leaves 
along  the  edges  of  phylloclad-like  twigs  are  markedly  opposite  and  well  developed  and  the 
scale  leaves  on  its  flat  surfaces  are  less  reduced  than  in  Androvettia  statenensis  or  Androvettia 
carolinensis.  The  lateral  twigs  are  strictly  opposite  as  in  the  course  of  the  vascular  bundles, 
which  consist  of  a  regular  alternation  of  opposite  simple  bundles  and  dichotomously  forked 
bundles.     As  the  anatomy  of  these  forms  has  not  yet  been  studied  the  reader  is  referred  to 

1  Mem.  New  York  Bot.  Garden,  vol.  3, 1909,  p.  22. 


UPPEE    CRETACEOUS    FLOKA    OF    GEOEGIA.  105 

Hollick  and  Jeffrey's  memoir  cited  above,  in  wliich  the  histology  of  the  Staten  Island  form  is 
discussed. 

Androvettia  seems  clearly  distinct  from  PhyUocladus,  and  it  is  probably  equally  distinct 
from  the  various  species  of  ProtophyUocladus  wliich  have  been  recorded  from  the  Raritan  and 
later  Cretaceous  formations  of  North  America.  It  seems  equally  distinct  from  Thinnfeldia  but 
maj'  prove  to  be  related  to  Moriconia — in  fact,  the  reduced  lateral  twigs  are  very  suggestive  of 
the  similar  t^\'igs  of  Moriconia  americana  Berrj^,  especially  the  forms  of  this  species  collected 
by  the  ■vvTiter  from  clays  in  the  Middendorf  arkose  member  of  the  Black  Creek  formation  of 
South  Carohna.  The  comparison  of  Androvettia  with  the  Lower  Cretaceous  species  Ctenopteria 
insignis,  Zamiopsis  insignis,  Thinnfeldia  marylandicum,  and  Plantaginopsis  marylandica  by 
Hollick  and  Jeffre}^  is  in  the  wi-iter's  opinion  singularly  unhappy.  The  last  is  a  monocotyledon 
and  the  others  either  ferns  or  cycads,  not  even  remotely  related  to  the  forms  under  discussion. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — L^.  S.  National  Museum. 

Genus  ARAUCARIA  Jussieu. 
Araucaria  bladexensis  Berry. 
Plate  XIX,  figures  1  and  2. 
Araucaria  bladeiiensis  Berry,  Bull.  Torrey  Bot.  Club-,  vol.  35,  1908,  j).  25.5,  Pl.«.  XII;  XIII;  and  XIV,  figs.  1-3. 

This  form  is  described  in  the  section  of  this  report  deahng  with  the  Upper  Cretaceous  flora 
of  South  Carohna  (pp.  19-20). 

This  species,  which  is  so  exceedingly  common  in  and  characteristic  of  the  Black  Creek 
formation  in  the  North  Carolina  area,  and  which  is  also  found  in  the  continuation  of  these  beds 
in  South  Carohna,  occurs  in  abundance  in  the  lower  part  of  the  Eutaw  of  western  Alabama. 
In  Georgia  it  is  represented  at  Buena  Vista  by  detached  but  entirely  characteristic  leaves 
which  are  extremely  rare.  It  is  more  common  at  Chimney  Bluff,  where  both  the  detached 
leaves  and  the  leafy  twigs,  often  of  considerable  size,  are  abundant.  The  presence  at  the 
latter  locality  of  a  characteristic  cone  scale  of  Araucaria  jeffreyi  suggests  the  probabihty  of 
the  two  being  referable  to  the  same  species. 

Occurrence. — Lower  division  of  the  Eutaw  formation.  Chimney  Bluff,  Chattahoochee  County. 
(Collected  by  E.  W.  Berry.)  Cusseta  sand  member  of  the  Ripley  formation,  near  Buena  Vista, 
Marion  County.     (Collected  by  L.  W.  Stephenson.) 

Collections. — L^  S.  National  Museum. 

Araucaria  jeffreyi  Berry. 

Araucaria  jeffreyi  Berry,  Bull.  Torrey  Bot.  Club,  vol.  35,  1908,  p.  258,  PI.  XVI. 

This  species  is  described  in  the  section  of  this  report  dealing  with  the  Upper  Cretaceous 
flora  of  South  Carolina  (pp.  20-21). 

The  Georgia  material  is  neither  abundant  nor  weU  preserved,  but  the  identifications  are 
unquestionable.  A  single  scale  was  collected  at  Chimney  Bluff,  on  Chattahoochee  River,  where 
it  was  associated  ^vith  the  abundant  leafy  twigs  of  Araucaria  hladenensis,  and,  as  mentioned 
under  the  discussion  of  that  species,  it  renders  probable  the  view  that  these  cone  scales  and 
twigs  were  borne  by  the  same  Upper  Cretaceous  trees.  A  single  specimen,  entirely  character- 
istic, was  also  obtained  at  the  locality  near  Byron. 

Occunrnce. — Lower  division  of  the  Eutaw  formation,  Chimney  Bluff,  Chattahoochee  County. 
(Collected  by  E.  W.  Berry.)  Cusseta  sand  member  of  the  Ripley  formation,  cut  on  Central  of 
Georgia  Railway,  1\  miles  northeast  of  Bp-on,  Houston  County.  (Collected  bj-  L.  W. 
Stephenson.) 

Collections. — U.  vS.  National  Museum. 
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Genus  BRACHYPHYLLTJM  Brongniart. 

Brachyphyllum  macrocarpum  formosum  Berry. 

Brachiiph/Ihim  macrocarpum  Berry,  Bull.  Torrey  Bot.  Club,  vol.  37,  1910,  p.  183. 
Brachii/ilij/lhiin  macrocarpum  Berry,  idem,  vol.  38,  1911,  p.  420  (non  Newberry,  1896). 
Brachyphyllum  macrocarpum  fonnosum  Berry,  idem,  vol.  39,  1912,  p.  392,  PI.  XXX. 

Description. — Slender  elongated  twigs,  pinnately  branched,  covered  with  medium-sized, 
crowded,  apjjressed  leaves,  sjairally  arranged.  Leaves  bluntly  jjointed,  relatively  smooth, 
thick. 

In  the  consideration  of  the  various  specimens  that  have  been  referred  to  Bracliyphyllum 
macrocarpum  Newberry  a  very  considerable  variation  within  certain  fixed  limits  is  at  once 
obvious.  This  variation  is  usually  one  of  size,  but  the  more  slender  specimens  are  more 
elongated  and  smoother.  This  has  been  frequently  noted  by  the  writer  and  is  commented  upon 
in  print  by  F.  H.  Knowlton,'  who  in  discussing  the  later  forms  (from  Wyoming)  suggests 
that  the  species  on  the  verge  of  extinction  became  smaller  in  its  proportions. 

In  studying  the  material  from  the  South  Atlantic  and  Gulf  States  a  constant  difference  in 
size  was  noticed  by  the  writer.  This  may  reflect  a  slight  difference  in  climatic  conditions,  and  all 
of  the  forms  may  be  interpreted  as  the  variations  of  a  single  species.  In  fact,  one  of  Newberry's 
figures  -  of  a  Raritan  specimen  is  approximately  the  same  size  as  the  forms  from  the  Montana 
group  of  the  West  and  is  associated  with  the  normal,  stout,  club-shaped  type.  That  the  variety 
has  no  particular  stratigraphic  significance  is  indicated  by  its  abundance  at  a  horizon  as  old  as 
the  basal  jDart  of  the  Tuscaloosa  formation  in  Alabama  and  its  presence  in  the  Woodbine  sand 
of  Texas.  In  general,  however,  it  occurs  at  later  and  more  southern  horizons  than  the  t^^pe. 
This  might  be  ascribed  to  the  fact  that  only  the  slender  and  more  elongated  terminal  twigs  are 
preserved  at  these  localities,  but  such  an  explanation  is  regarded  as  improbable,  for  the  same 
reasoning  should  hold  good  for  the  areas  where  only  the  thicker  twigs  have  been  found. 

The  remains  are  generally  much  macerated  and  broken.  The  general  proportions  are 
decidedly  tlifferent  from  the  jjarent  tj^pe.  The  leaves  are  slightly  smaller  and  smoother  and 
somewhat  more  elongated  in  their  relative  proportions  and  lack  the  apical  papUlffi  and  the  con- 
vergent striae.  The  new  variety  is  much  more  graceful  than  the  type  in  ajjpearance  and  in  its 
general  aspect  suggests  the  Lower  Cretaceous  genus  Arthrotaxopsis.  The  most  closely  aUied 
form  appeai-s  to  be  one  from  the  Albian  of  Portugal,  described  by  Saporta^  as  Brachyphyllum 
ohesiforme  elongatum.  There  is  also  considerable  resemblance  to  Brachyphyllum  crassicaule 
Fontaine  of  the  Patapsco  formation  in  Maryland  and  Virginia.  Remains  of  tliis  new  variety 
are  associated  with  the  type  in  Maryland;  they  are  abundant  throughout  the  Tuscaloosa  of 
Alabama,  ranging  upward  into  the  basal  part  of  the  Eutaw  formation  in  both  Alabama  and 
western  Georgia. 

Occurrence. — Lower  division   of   the   Eutaw   formation,    McBrides   Ford,    Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 
.  Collections. — U.  S.  National  Museum. 

Genus  CUNNINGHAMITE  S  Pi-esl. 
CuNNiNGHAMiTES  ELEGANS   (Corda)   Eudlicher. 

This  species  is  described  in  the  section  of  this  report  dealing  with  the  Upper  Cretaceous 
flora  of  South  Carolina  (pp.  24-25). 

The  Georgia  specimens  are  fi-om  the  locaUty  near  BjTon,  and  though  not  nearly  so  large 
as  the  exceptional  remains  of  this  species  from  North  Carolina,  where  many  of  the  leaves  are 
6  centimeters  or  more  in  length,  they  are  entirely  typical,  and  with  the  associated  cone  scale 

•  Bull.  U.  S.  Geol.  Survey  No.  163, 1900,  p.  29,  PI.  IV,  figs.  5  and  6. 

-■  The  flora  of  the  Amboy  clays:  Men.  U.  S.  Geol.  Survey,  vol.  26,  l.Ssm,  p.  51,  PI.  VII,  figs.  1-7.    (See  fig.  7.) 

a  Saporta,  G.  de,  Flore  tossile  du  Portugal,  1894,  p.  176,  PI.  XXXI,  fig.  14. 
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of  Araucaria  jeffreyi  serve  admirably  to  indicate  the  probable  horizon  of  the  materials  found 
near  Byron,  wliich  are  rather  ambiguous  Uthologically  and  entirely  unfossihferous  except  for 
the  three  species  of  plants  collected  by  Stephenson. 

Occurrence. — Cusseta  sand  member  of  the  Rijjley  formation,  cut  on  Central  of  Georgia 
Kailway  H  miles  northeast  of  Byron,  Houston  County.     (Collected  by  L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museum. 

Genus  SEQUOIA  Eudliclier. 
Sequoia  reiciiexbachi  (Gcinitz)  Heer. 

This  species  is  described  in  the  section  of  this  report  dealing  with  the  Upper  Cretaceous 
flora  of  South  Carolina  (pp.  23-24). 

Twigs  of  this  species  are  rare  at  the  Chimney  Bluff  locality  but  typical  and  common  at 
McP)rides  Ford  and  Broken  Arrow  Bend.  In  this  comiection  it  is  worthy  of  comment  that 
Se-quoia  twigs  are  about  the  last  fragments  in  floating  vegetable  debris  to  disintegrate,  and 
^Jneir  remains  are  frequently  found  in  dejjosits  in  wliich  the  associated  vegetation  is  reduced  to 
an  unrecognizable  mass,  as  is  so  common  in  typically  marine  deposits. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  Chimney  Bluff,  McBrides  Ford, 
Broken  Aitow  Bend,  Chattahoochee  County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Genus  TUMION  Rafinesque. 
Tltmion  carolinianum  Berry   (?). 
Tumion  carolinianum  Berry,  Am.  Jour.  Sci.,  4th  ser.,  vol.  35,  1908,  p.  383,  figs.  1-3. 

Description. — The  following  description  is  quoted  from  the  work  cited  aliove: 

Leaves  flat,  somewhat  rigid,  linear-lanceolate,  gradually  tapering  to  a  slender  point  from  the  broad  but  slightly 
contracted  decurrent  base,  25  to  30  millimeters  long  and  up  to  3  millimeters  in  greatest  width,  averaging  somewhat 
more  than  2  millimeters,  arranged  in  a  rather  close  spiral  and  apparently  not  distichous  in  habit.  Mid  vein  absent, 
but  in  strong  transmitted  light  a  darker,  i.  e.,  more  opaque,  central  band  gradually  dying  out  and  presumably  of 
vascular  tissue  is  seen  in  the  basal  third  of  the  leaf;  this  is  not  a  surficial  feature,  however,  since  both  the  dorsal  and 
ventral  surfaces  are  unmarked  centrally.  In  strong  transmitted  light  the  two  stomatal  bands  characteristic  of  the 
modern  species  are  fairly  well  shown  after  the  leaves  have  been  appropriately  treated  to  reduce  their  opacity.  These 
bands  are  narrow  and  their  inner  margin  is  just  about  one-fourth  of  the  distance  across  the  leaf,  i.  e.,  they  are  slightly 
nearer  the  margin  than  the  median  axis;  they  are  contined  to  the  lower  surface  and  die  out  apically,  becoming  well 
marked  proximally,  and  are  made  out  with  difficulty  in  the  upper  half  of  the  leaf.  The  stomata  are  confined  to  the 
surface  of  these  bands  and  are  without  orderly  arrangement,  usually  not  more  than  four  in  a  transverse  direction. 
These  stomata  are  of  medium  size  and  strictly  comparable  with  those  of  the  existing  American  tumions  with  which 
comparisons  have  been  made ;  the  guard  cells  are  slender  and  their  orientation  with  respect  to  the  leaf  axis  is  indefinite, 
with  apparently  a  prevailing  tendency  in  the  material  examined  to  a  position  at  right  angles  instead  of  one  parallel 
with  this  axis,  as  in  the  case  in  the  living  material  seen. 

The  presence  of  tliis  species  in  Georgia  is  based  upon  three  poorly  preserved  specimens 
from  McBrides  Ford  that  can  not  be  identified  with  certainty.  The  leaves  seem  to  be  tliicker 
than  in  the  Carolina  specimens,  and  though  some  of  them  show  traces  of  the  storaatal  bands, 
always  difficult  to  make  out  in  material  of  this  sort,  others  show  suggestions  of  a  midrib.  It 
is  believed,  however,  that  tliis  appearance  is  due  to  a  slight  keel  developed  in  the  basal  part  of 
the  leaves,  or  to  the  method  of  preservation,  for  some  of  the  leaves  show  longitudinal  striations 
wltich  would  be  explained  in  the  same  manner. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (Collected  by  E.  W.  Beriy.) 

Collections. — U.  S.  National  Museum. 
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Class  ANGIO  SPERMS. 

Subclass  MONOCOTYLEDONS. 

Genus  DOBYANTHITES  gen.  nov. 

DORYANTHITES    CRETACEA    sp.  nOV. 

Plate  XVIL  figure  3. 

Description. — Leaves  as  preserved  linear,  presumably  lanceolate  above  and  sheathing 
below,  4.5  to  6  centimeters  in  width  and  preserved  without  any  diminution  in  width  for  a 
length  of  50  centimeters.  Texture  very  coriaceous.  Margins  entire.  Veins  simple  and  p. irallel, 
immersed,  considerably  less  than  1  millimeter  apart.  Leaves  alike  on  both  surfaces'.  ^  In 
the  hollows  between  the  veins  occur  rows  of  small  stomata  with  the  guard  cells  all  oriented  in  a 
du-ection  parallel  with  the  veins  and  equally  numerous  on  both  surfaces  of  the  leaf.  Leaf  sui'face 
under  the  microscope  appears  finely  striated  parallel  with  the  veins. 

These  curious  remains,  which  call  to  mind  the  leaves  of  the  Paleozoic  Cordaites  or  some 
modern  giant  bromehad,  are  not  uncommon  in  the  Upper  Cretaceous.  They  were  first  discov-' 
ered  by  the  writer  at  Rockfish  Creek,  N.  C,  and  were  subsequently  found  92  miles  above  New- 
bern,  N.  C,  on  Neuse  River,  both  of  which  locaUties  are  in  the  Black  Creek  formation,  and  it 
is  from  the  North  Carohna  specimens  that  the  stomatal  characters  are  described.  Recently 
this  same  form  was  discovered  in  considerable  abundance  in  the  lower  part  of  the  Eutaw 
near  Havana,  Ala.,  and  they  are  the  most  abundant  fossils  at  the  Georgia  locality  near  Buena 
Vista. 

Referring  to  the  similarly  appearing  remains  previously  described  it  may  be  noted  that 
Miquel'  in  185.3  described  under  the  heading  Phyllitse  monocotylei  two  sorts  of  parallel-veined 
leaf  fragments  from  the  Upper  Cretaceous  of  Aachen.  The  first  =  he  calls  Yuccites?  and 
the  second,  wliich  suggests  the  fossils  under  discussion,  he  designates  "Palma  vel  Yuccites?" 
From  the  Valanginian  of  Portugal  Ileer  ^  describes  what  he  calls  Bambusium  laiifolium, 
which  is  also  suggestive  of  the  American  material. 

Krasser  *  describes  remains  somewhat  similar  in  appearance  from  the  Cretaceous  (Ceno- 
manian)  of  Moravia  as  Typhseloipum  cretaceum.  These  are  somewhat  smaller  than  the 
American  forms  and  show  transverse  veinlets  which  are  absent  in  the  latter. 

Smaller,  but  otherwise  comparable  Lower  and  Upper  Cretaceous  forms  were  named  Eolirion 
by  Schenk,^  and  similar  older  Mcsozoic  forms  are  commonly  referred  to  the  form  genus  Yuccites.*' 
Perhaps  the  most  similar  fossils  known  are  those  referred  to  the  genus  Krannera '  and  fully 
described  by  Velenovsky,  who  does  not,  however,  arrive  at  any  satisfactory  conclusion  regarding 
their  relationship,  although  he  thinks  they  are  cycadaceous.  It  seems  undesirable  to  refer  the 
Georgia  material  to  Yuccites,  for  though  they  are  similar  to  the  more  ancient  remains  so  named, 
it  is  entirely  improbable  that  they  are  congeneric  with  the  Triassic  tA-pe  on  which  this  genus 
was  founded  and  such  an  identification  would  consequently  be  very  misleading.  Until  the 
existing  tropical  Monocotyledonae  are  more  abundantly  represented  in  our  larger  herbaria  or 
more  complete  and  decisive  Cretaceous  material  is  discovered  the  botanic  affinity  of  these 
anomalous  forms  must  remain  undetermined.  The  name  chosen  indicates  superficial  resem- 
blance and  does  not  imply  actual  relationship  with  the  modern  genus  Doryanthes  of  the 
order  Liliales. 

Little  rehance  can  be  placed  upon  similarity  of  appearance  in  dealing  with  fragmentary 
remains  of  this  sort  and  the  foregoing  are  mentioned  merely  as  indicating  the  presence  of  unde- 
termined monocotyleilons  of  large  size  in  the  Cretaceous  floras  of  the  world. 

1  Verh.  Geol.  kaart.  Nederl.,  vol.  1.  1853,  pp.  S.'We,  Pis.  I-VII. 

2  Idem,  n.  I,  flR.  ". 

3  Contribulions  k  la  flore  fossile  du  Portugal,  1881,  p.  22,  PI.  XIX,  figs.  !-.■?. 

«  Beitrage  ziir  Kenntniss  der  fossUen  Kreideflora  von  Kunstadt-  Beitr.  Pal.  ii.  Geol.  Oester.-Ungams,  vol.  10. 1896,  p.  127  (15).  PI.  XII  (II),  fig.  4. 

'  Pateontographica,  vol.  19,  18G9,  p.  20. 

»  Schimper,  W.  P.,  and  Mougeot,  A.,  Monographie  des  plantes  fossiles  du  gr^  bigarr^  de  la  chalne  des  Vosgcs,  1844,  p.  42. 

'  Velenovsky,  J.,  Die  Gymnospermen  bohmischen  Kreideformation,  pt.  4,  1885,  p.  1. 


TIPPER    CRETACEOUS    FLORA    OF    GEORGIA.  109 

Occurrence. — Cusseta  sand   member  ot  the  Ripley  formation,  near  Buena  Vista,  Marion 
County.     (Collected  by  L.  W.Stephenson.) 
Collections. — U.  S.  National  Museum. 

Genus  PHBAGMITES  Trinius. 
Phragmites  prattii  Berry. 
This  species  is  described  in  the  section  of  this  report  dealing  with  the  Upper  Cretaceous 
flora  of  South  Carolina  (p.  28). 

Occurrence. — Lower  division  of  the  Eutaw  formation,  Broken  Arrow  Bend,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 
Collection. — U.  S.  National  Museum. 

Subclass  DICOTYLEDONS. 
Order  JUGLANDALES. 
Family  JTTGLANDACEffl. 
Genus  JTJGLANS  Ldnne. 

JroLAXs  ARCTiCA  Hccr  ? 
This  form  is  described  in  the  section  of  this  report  deahng  with  the  Upper  Cretaceous  flora 
of  South  Carohna   (p.  30).     Its  Georgia  occurrence,  which  is  the  most  southerly  known,  is 
based  on  a  fragment  which,  as  far  as  it  goes,  is  characteristic  and  incUcates  the  remarkable 
range  of  this  species  from  32°  to  70°  north  latitude. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Order  SALIC  ALES. 

Family  SALICACE^;. 

Genus  SALIX  Linne. 

Salix  flexuosa  Newberry. 

This  form  is  described  in  the  section  of  this  report  dealing  with  the  Upper  Cretaceous  flora 

of  South  Carohna  (pp.  32-33) .     In  Georgia,  though  not  especially  abundant,  characteristic  leaves 

of  this  species  are  found  from  the  base  to  the  top  of  the  Eutaw  deposits  which  underhe  the 

Tombigbee  sand  member. 

Occurrence.— Lower  division  of  the  Eutaw  formation,   McBrides  Ford,   Chunney  BluflF, 
Broken  Arrow  Bend,  Chattahoochee  County.     (Collected  by  E.  W.  Berry.) 
Collections. — U.  S.  National  Museum. 

Salix  lesquereuxii  Berry. 

This  species  is  described  in  the  section  of  this  report  deahng  with  the  Upper  Cretaceous 
flora  of  South  Carohna  (p.  33).  The  Georgia  remains  were  obtained  near  the  top  of  the 
lower  division  of  the  Eutaw  formation  at  Chimney  Bluff  on  Chattahoochee  River  and  are 
entirely  typical. 

Occurrence.— Lower  division  of  the  Eutaw  formation,  Chunney  Bluff,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Salix  eittawensis  Berry. 
Plate  XIX,  figure  3. 
Salir  eutaweiisis  Berry,  Bull.  Torrey  Bot.  Club,  vol.  37,  1910,  p.  193,  PI.  XXII,  figs.  1-11. 

Descnption. —Leayes  lanceolate  in  outhne,  somewhat  falcate  in  some  specimens,  variable 
in  size,  from  5  to  12  centimeters  in  length  and  from  0.5  to  2.3  centimeters  in  greatest  width, 
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which  is  in  the  basal  half  of  the  leaf.  Base  lanceolate.  Apex  gi-adually  narrowed  to  the 
attenuate  tip.  Margin  entire  for  a  short  distance  proxitnally,  above  which  it  is  very  finely  den- 
tate, even  in  the  largest  leaves  collected.  Petiole  short  and  fairly  stout.  Midrib  fairly  stout, 
becoming  thin  in  the  apical  part  of  the  leaf,  inclined  to  be  curved  or  somewhat  fiexuous.  Sec- 
ondaries very  fuie  and  numerous,  branching  from  the  midrib  at  acute  angles  and  curving  upward, 
becoming  in  their  terminal  portions  approximately  parallel  with  the  margin,  sending  short 
curved  tertiaries  to  the  marginal  teeth  and  from  secondary  to  secondary. 

This  species  is  abundant  at  the  upper  Tar  River  locahtics  but  has  not  been  detected  at 
any  other  localities  in  the  Black  Creek  formation  of  North  Carolina.  It  is  common  in  the  lower 
division  of  the  Eutaw  formation  at  Broken  Aitow  Bend  on  Chattahoochee  River  in  Georgia, 
from  which  place  the  type  material  was  collected.  The  Georgia  material  is  more  fragmentary 
than  that  from  North  Carohna  but  withstands  drying  out  much  better,  the  North  Carolina 
material  being  preserved  in  a  loose  carbonaceous  sandy  clay  which  furnishes  very  poor  museum 
specimens. 

This  typical  willow  leaf  is  quite  modern  in  appearance,  suggesting  the  existing  Salix  nigra 
Marsh,  Salix  fl.uviatilis  NuttaU,  or  the  Mexican  Salix  lonplandiarm  H.  B.  K.,  and  is  entirely 
distinct  from  any  Cretaceous  willows  hitherto  described.  It  approaches  Salix  neivherryana 
Hollick  *  somewhat  in  general  appearance  but  is  much  more  elongate-lanceolate  in  outline  and 
ranges  to  a  much  smaller  size,  besides  showing  other  distinctive  features.  It  also  resembles 
certain  European  Tertiary  willows,  as,  for  example,  Salix  denticulata,  lavateri,  and  varians. 
Certain  fruits  found  associated  with  these  leaves  in  North  Carolina  are  believed  to  belong  to  the 
same  species. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  Broken  Airow  Bend,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museiun. 

Order  URTICALES. 

Family  MORACEffi. 

Genus  FICUS  ijime. 

Ficus  KRAUSiANA  Heer. 

Plate  XIX,  figure  4. 

This  species  is  described  in  the  section  of  this  report  dealing  with  the  Upper  Cretaceous 
flora  of  South  Carolina  (p.  38).  The  Georgia  material  is  somewhat  more  slender  than  the 
abundant  material  from  South  Carolina  but  agrees  well  with  the  type  forms. 

It  is  one  of  the  most  characteristic  post-Raritan  and  pre-Ripley  fossils  in  the  Coastal 
Plain,  the  Georgia  occurrence  carrying  it  to  a  point  within  a  few  feet  of  the  Tombigbee  sand 
horizon  on  Chattahoochee  River. 

Occurrence. — Lower  division  of  the  Eutaw  formation.  Chimney  Blufl",  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — ^U.  S.  National  Museum. 

Ficus  CRASSiPES  (Heer)  Heer. 

Proteoides  crassipes  Heer,  Flora  fossilis  arctica,  vol.  3,  Abth.  2,  1874,  p.  110,  PI.  XXXI,  figs.  6-8a. 

Ficus  crassipes  Heer,  idem,  vol.  6,  Abth.  2,  1882,  p.  70,  Pis.  XVII,  fig.  9a,  and  XXIV,  figs.  1,  2, 

Ficus  crassipes  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17, 1892,  p.  79,  PI.  XIII,  fig.  3. 

Ficus  crassipes  Berry,  Bull.  Torrey  Bot.  Club,  vol.  33,  1906,  p.  172. 

Description. — The  following  description  was  written  by  Heer  in  1882 : 

F.  foliis  coriaceis,  lineari-lanceolatis,  basi  cuneatim  attenuatis,  integerrimis,  nervo  medio  crasso,  nervis  secondariis 
obsoletis,  petiole  longo-valido. 

The  leaves  of  this  species  as  they  occur  in  the  southern  Coastal  Plam  are  narrowly  lanceolate 
with  gradually  narrowed  apex  and  base,  about  15  centimeters  in  length  by  2.5  centimeters  in 

1  Hollick,  Arthur,  in  Newberry,  J.  S.,  Th^  flora  of  Amboy  clay:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  68,  PI.  XIV,  figs.  2-7. 
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greatest  width,  and  resemble  Ficus  atavina  Heer  in  outline  but  are  relatively  narrower.  The 
texture  is  coriaceous  and  the  midrib  and  petiole  are  extraordinarily  stout  in  many  specinaens. 
Tlie  secondary  venation  when  seen  is  of  the  usual  camptodrome  type  with  relatively  long, 
ascending,  curved  secondaries. 

This  species  was  describetl  originally  from  the  Atane  beds  of  western  Greenland,  the  first 
rather  fragmentary  specimens  collected  having  suggested  the  genus  Proteoides.  It  was  subse- 
quently recorded  from  the  Dakota  sandstone  of  Kansas  by  Lesquereux.  In  the  Atlantic  Coastal 
Plain  it  is  found  in  the  Magotliy  and  Black  Creek  formations,  including  the  Middendorf  member 
of  the  latter,  and  it  is  especially  common  in  clays  of  the  Tuscaloosa  formation  of  Alabama. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  Chimney  Bluff,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Ficus  georgiana  sp.  nov. 
Plate  XX,  figure  1. 

Description. — Leaf  ovate-lanceolate  in  outlme,  gradually  tapermg  to  an  acute  point. 
Proximately  the  leaf  is  broadly  and  abruptly  rounded  to  a  point  within  2  to  .3  millimeters  of  the 
midrib,  thence  decurring  as  a  narrow  wing  1  millimeter  or  less  in  width  and  preserved  for  a  dis- 
tance of  1  centimeter.  Length,  about  17  centimeters.  Greatest  width,  which  is  near  the  base  of 
the  leaf,  4.5  centimeters.  Midrib  fairly  stout.  Margm  entire.  Secondaries  thin,  parallel,  and 
numerous,  branching  from  the  midrib  at  angles  of  about  50°  and  curving  upward  distally, 
camptodrome. 

This  species  suggests  Ficus  hechtmtMi  Lesquereux  of  the  Dakota  sandstone  and  Ficus 
Tcrausiana  Heer,  which  is  abundant  in  the  Upper  Cretaceous  of  America  from  Marthas  Vineyard 
to  Alabama  and  which  occurs  also  m  the  Dakota  sandstone  and  at  the  type  Jocality  in  the 
Cenomanian  of  Europe,  Moletein,  Moravia.  The  Georgia  plant  is  perfectly  distinct  from  these 
species,  however,  the  most  conspicuous  difference  being  its  broadly  rounded  base. 

Occurrence. — Cusseta  sand  member  of  the  Ripley  formation,  near  Buena  Vista,  Marion 
County.     (Collected  by  L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museum. 

Ficus  ovatifolia  Berry. 

Plate  XIX,  figures  5-7. 

Ficiis  ovata  Newberry,  The  flora  of  the  Amboy  clays:  Men.  V.  S.  Geol.  Survey,  vol.  26,  1896,  p.  70,  PI.  XXIV,  figs.  1-3 

(non  Don,  1802-3). 
Ficus  ovatifolia  Berry,  Bull.  Torrey  Bot.  Club,  vol.  36,  1909,  p.  253. 

Description. — Leaves  ovate  in  outline,  extended  above  into  a  narrow,  usually  pointed  apex. 
Length  8  to  12  centimeters.  Greatest  width,  which  is  in  the  basal  part  of  the  leaf,  4  to 
7  centimeters.  Base  broadly  rounded  and  m  many  specimens  slightly  decurrent.  Margins 
entire.  Primaries,  three  from  the  base,  the  midrib  somewhat  stouter  than  the  lateral  primaries. 
Secondaries  camptodrome. 

This  species  is  closely  allied  to  the  Raritan  species  Ficus  woolsoni  Newberry,'  differing 
primarily  in  its  greater  elongaticm  and  in  the  tendency  of  the  former  to  a  cordate  outline. 

The  Georgia  Cretaceous  furnishes  three  species  of  pinnately  veined  lanceolate  fig  leaves, 
the  present  species  alone  representing  that  other  important  section  of  Ficus  with  broader  leaves 
and  palmate  venation.  Ficus  ovatifolia  was  described  originally  from  the  Raritan  formation 
of  New  Jersey.  It  is  present  in  the  Black  Creek  formation  of  North  Carolina  and  very  probably 
in  the  Tuscaloosa  formation  of  Alabama.  The  Georgia  representatives  are  not  rare  at  the 
McBrides  Ford  locality.  One  of  them  (PI.  XIX,  fig.  6)  shows  an  unusual  variation  in  the 
character  of  the  apex,  which  in  this  specimen  is  diagonally  refuse. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

1  Newberry,  J.  S.,  The  flora  of  the  -imboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  70:  Pis.  XX,  fig.  :i:  XXIII,  figs.  1-6. 
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Order  RAN  ALES. 

Family  MAGNOLIACE^ffl. 

Genus  MAGNOLIA  Linne. 

Magnolia  boulayana  Lesquereux. 

Plate  XX,  figure  5. 

Magnolia  boulayana  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  GeoL  Survey,  vol.  17,  1892,  p.  202,  PI.  LX, 

fig.  2. 
Magnolia  glaucoides  Hollick,  Bull.  Torrey  Bot.  Club,  vol.  21,  1894,  p.  60,  PI.  CLXXV,  figs.  1  and  7. 
Magnolia  glaucoides  Smith,  On  the  geology  of  the  Coastal  Plain  of  Alabama,  1894,  p.  348. 
Magnolia  glaucoides  Newberry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  1896,  p.  74  ,  PI.  LVII, 

figs.  1^. 
Magnolia  boulayana  Knowlton,  Twenty-first  Ann.  Kept.  U.  S.  Geol.  Survey,  pi.  3,  1901,  p.  318. 
Magnolia  glaucoides  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol.  Survey, 

vol.  50,  1907,  p.  67,  Pis.  XIX,  fig.  6;  XX,  fig.  6. 
Magnolia  boulayana  Berry,  Bull.  Torrey  Bot.  Club,  vol.  36,  1909,  p.  254. 
Magnolia  boulayana  Berry,  idem,  vol.  37,  1910,  p.  23. 

Description. — Leaves  narrowly  elliptical  in  outline,  unusually  uniform  in  size  and  shape, 
8.5  to  13  centimeters  in  length  and  3.5  to  4.5  centimeters  in  width.  Apex  usually  bluntly 
rounded,  in  some  specimens  acute.  Base  matching  the  apex.  Petiole  fairly  stout,  3  to  4  centi- 
meters in  length.  Midrib  faii'ly  stout.  Secondaries  slender,  many  obsolete,  about  11  pairs, 
equidistant,  parallel,  camptodrome,  branching  from  the  midrib  at  an  angle  of  about  40°.  Ter- 
tiaries,  when  seen,  transverse.     Texture  coriaceous. 

This  species  was  described  originally  from  the  Dakota  sandstone  of  Kansas.  Subsequently 
Newberry  described  the  Raritan  remains,  which  are  abundant  at  the  Woodridge,  N".  J.,  locaHty, 
as  a  new  species,  Mag7iolia  glaucoides,  and  it  has  been  kept  distinct  by  Hollick,  who  recognized, 
however,  its  practical  identity  with  the  form  from  the  Dakota  sandstone.  There  can  be  no 
question  but  that  they  belong  to  the  same  species,  and  it  seems  probable  that  Magnolia  van- 
ingeni  described  by  Hollick  '  should  be  referred  to  the  same  species. 

In  addition  to  the  localities  ah-eady  mentioned  this  species  is  found  on  Marthas  Vineyard 
and  Long  Island,  also  in  the  Tuscaloosa  formation  of  Alabama,  and  in  the  Woodbine  sand  of 
Texas.  The  Georgia  occurrence  is  based  upon  the  admirable  specimen  figured,  and  forms  a 
link  in  the  chain  which  serves  to  connect  the  eastern  and  Dakota  sandstone  floras  through  the 
GuK  area. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Magnolia  capellinii  Heer. 

Plate  XX,  figure  6. 

Magnolia  capellinii  Heer,  Phyllites  cr^tac^es  du  Nebraska,  1866,  p.  21,  PI.  Ill,  figs.  5  and  6. 

Magnolia  capellinii  Heer,  Flora  fossilis  arctica,  vol.  3,  Abth.  2,  1874,  p.  115,  PI.  XXXIII,  figs.  1^. 

Magnolia  capellinii  Beer,  idem,  vol.  6,  Abth.  2,  1882,  p.  90,  Pis.  XXIV,  figs.  3-5;  XXV,  figs.  1-3;  and  XLV,  fig.  1. 

Magnolia  capellinii  Velenovsky,  Die  Flora  der  bohmischen  Kreideformation,  pt.  2,  1883,  p.  20,  PI.  VII,  figs.  8  and  9. 

Magnolia  capellinii  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.' 17,  1892,  p.  203,  PI. 

LXVI,  fig.  1. 
Magnolia  capellinii  Hollick,  Trans.  New  York  Acad.  Sci.,  vol.  12,  1893,  p.  234,  PI.  VI,  fig.  6. 
Magnolia  capellinii  Dawson,  Trans.  Roy.  Soc.  Canada,  1st  eer.,  vol.  11,  sec.  4,  1894,  p.  63,  Pis.  XI,  fig.  49,  and  XIII, 

fig.  49a. 
Magnolia  capellinii  HoWick,  Bull.  Geol.  Soc.  America,  vol.  7,  1895,  p.  13. 

Magnolia  capellinii  Hollick,  Bull.  New  York  Bot.  Garden,  vol.  3,  1904,  p.  413,  PI.  LXXVIII,  fig.  3. 
Magnolia  capellinii  Berry,  Bull.  Torrey  Bot.  Club,  vol.  31,  1904,  p.  76,  PI.  Ill,  fig.  3. 
Magnolia  capellinii  Berry,  Ann.  Rept.  State  Geologist  New  Jersey  for  1905,  1906,  p.  138. 
Magnolia  capellinii  HoWick,  The  Cretaceous  flora  of  southern  New  York  and  New  England;  Mon.  U.  S.  Geol.  Survey, 

vol.  50,  1907,  p.  63,  PL  XVII,  figs.  3  and  4. 
Magnolia  capellinii  Berry,  Bull.  Torrey  Bot.  Club,  vol.  34,  1907,  p.  195,  PL  XII,  figs.  4  and  5. 

1  Bull.  Torrey  Bot.  Club,  vol.  21, 1894,  p.  61,  PI.  CLXXV,  fig.  6. 


UPPER  CKETACEOUS  FLORA  OF  GEORGLV.  113 

Descriptio?} . — Heer's  original  description,  ^^^■itte^  in  1860,  is  as  follows: 

M.  foliis  coriaceis,  late  ovalilms.  integerrimis.  nerv's  secundariis  angulo  aciito  esredientibus,  curvatis  rampto- 
dromis. 

These  leaves  vary  considerably  in  size,  averaging  about  13  centimeters  in  length  by  7 
centimeters  in  w-idth.  Outhne  broadly  ovate,  the  base  and  apex  generally  equall}^  pointed, 
although  a  few  spccunens  have  a  somewhat  obtuse  apex.  The  texture  is  coriaceous  or  sub- 
coriaceous.  Midrib  and  petiole  stout.  Secondaries,  usually  seven  or  eight  alternate  or  sub- 
opposite  pairs,  at  regular  intervals,  approximately  parallel,  camptodrome. 

This  \videspread  species  in  some  of  its  forms  very  closely  approaches  the  less  narrow  and 
apicall}^  extended  forms  of  Magnolia  speciosa  Heer.  Ordinarily,  however,  the  latter  species  may 
be  readily  detected  by  its  relatively  narrower  form  with  produced  apex  and  decurrent  base. 

Tliis  species  was  described  originally  from  the  Dakota  sandstone  by  Heer  and  has  been 
detected  at  a  large  number  of  localities  of  homotaxial  age  in  both  the  Greenland  Cretaceous  and 
in  that  of  the  Pacific  Coast.  In  the  Atlantic  Coastal  Plain  it  characterizes  the  Magothy  forma- 
tion and  is  present  in  the  Black  Creek  formation  of  North  Carolina  and  the  Tuscaloosa  forma- 
tion of  Alabama.  It  was  doubtfully  recorded  from  the  Raritan  formation  of  New  Jersey  by 
Lesquereux  in  1878,  but  it  has  never  been  detected  in  the  abundant  collections  of  Raritan  plants 
studied  either  by  Newberry  or  the  ^vl•ite^  and  is  not  at  present  admitted  to  be  a  member  of  the 
Raritan  flora.  The  Georgia  occurrence  is  based  on  the  specimen  figured,  a  broadly  ovate 
leaf,  about  13.5  centimeters  in  length  by  6.5  centimeters  in  width,  of  coriaceous  texture,  wliich 
is  poorly  preserved  in  the  sandy  clay  at  McBrides  Ford.  It  approaches  some  of  the  forms 
of  Magnolia  speciosa  in  appearance,  and  perhaps  it  may  be  more  intimately  related  to  the 
latter  species,  which  is  very  abundant  in  the  Tuscaloosa  formation.  In  either  case  the  strati- 
graphic  conclusions  which  may  be  drawn  from  the  material  are  identical. 

Occui~renc€. — Lower  division  of  the  Eutaw  formation,  AlcBrides  Ford,  Chattahoochee 
County.     (CollectedbyE.W.  Berry). 

Collections. — U.  S.  National  jMuseum. 

Genus   MENISPERMITES   Lesquereux. 
Menispermites  variabilis  sp.  nov. 
Plate  XXI.  figures  1-1. 

Description. — Leaves  of  medium  size,  trilobate,  but  variable  in  shape.  Length  about  9  or 
10  centimeters.  Greatest  width,  wliich  is  from  tip  to  tip  of  the  laterally  directed  lobes,  as 
much  as  16  centimeters  in  one  specimen.  Lobes  broad  and  separated  by  wide  shallow  sinuses. 
Margin  entu-e  but  in  some  specimens  scalloped,  the  scallops  rounded  and  nearly  equilateral, 
separated  by  acute  sinuses.  Base  peltate,  broadly  rounded  as  in  AspidiophyUum  or  with  a 
cordate  sinus  which  does  not,  however,  reach  the  top  of  the  petiole.  Primaries  stout,  tlire«  or 
four  in  number,  palmately  divergent  from  the  peltate  base,  three  of  them  generally  equal  in 
caliber.  Secondaries  slender  and  numerous,  some  apparently  camptodrome  and  others 
craspedodrome. 

Tliis  peculiar  species  was  apparently  inequilateral  and  variable  in  outline,  but  unfortunately 
no  complete  specimens  were  collected,  though  the  remains  are  not  uncommon.  They  are 
markedly  distinct  from  any  Cretaceous  forms  liitherto  described  and  add  another  curious 
element  to  the  remarkable  assemblage  found  in  the  lower  division  of  the  Eutaw  formation  of 
Georgia,  wliich  includes  the  gigantic  specimens  of  Manihotites  and  the  no  less  curious  Androvettia 
and  Doryanthites. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (CoUected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 
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Order  EUPHOBBIALES. 

Family  EUPHOKBIACEa!. 

Genus  MANIHOTITES  Berry. 

Manihotites  georgiana  Berry. 

Plates  XXII,  XXIII;  and  XXIV,  figures  4  and  5. 

Manihotites  georgiana  Berry,  Bull.  Torrey  Bot.  Club,  vol.  37,  p.  507.  figs.  1  and  2.  1910. 

Description. — Leaves  of  extraordinarily  large  size,  36  to  48  centimeters  across,  j^almately 
and  deeply  lobate,  the  main  lobes  (lichotomously  sublobate.  Base  missing,  probably  peltate. 
Margins  entire,  more  or  less  undidate.  Textiu'e  coriaceous.  Venation  coarse.  Five  or  six 
stout  primaries  diverge  at  acute  angles  from  the  top  of  the  petiole  and  fork  dichotomously 
about  5  or  6  centimeters  above  their  base  at  angles  of  30°  to  50°.  These  branches  may  again 
fork  dichotomously  in  a  distance  of  4  to  6  centimeters,  or  may  not  give  off  any  branches,  or 
the  branches  may  be  clearly  subsidiary  in  size  and  run  to  the  apex  of  a  subordinate  lobe.  There 
are  a  sparse  number  of  relatively  fine  secondaries,  which  diverge  at  angles  of  about  45°  or  more 
and  are  apparently  camptodrome.  In  each  of  the  large  specimens  a  straight  vein  of  secondary 
size  runs  directly  to  the  base  of  a  single  main  sinus.  It  is  possible  that  this  vein  diverges  along 
the  margin  in  a  vein  wliich  forms  a  marginal  hem,  as  in  the  sinuses  of  lobed  sassafras  leaves, 
but  such  a  vein  can  not  be  made  out,  although  at  one  point  there  is  such  a  marginal  vein  con- 
nected with  the  main  venation  by  straight  transverse  tertiaries.  Deep  and  narrow  but  rounded 
sinuses  approach  within  3  to  5  centimeters  of  the  base  and  divide  the  leaf  into  five  or  more 
major  lobes;  these  are  subdivided  by  more  or  less  deep  sinuses  of  a  similar  character  into 
inequilateral,  ovate  lanceolate,  obtusely  pointed  suborcUnate  lobes. 

It  seems  probable  fi'oni  the  manner  in  which  the  extreme  base  is  torn  away  in  the  two 
nearly  complete  specimens  collected  that  this  base  was  peltate  and  comparable  to  those  leaves 
of  the  modern  Manihot,  Podophj-llum,  Jatropha,  and  similar  forms,  which  are  inequilaterally 
peltate.  There  was  considerable  variabiHty  in  the  lobation,  as  is  clearly  shown  by  these  two 
nearly  complete  leaves,  wliich  were  found  close  together  in  the  small  leaf-bearing  clay  lens  at 
McBrides  Ford.  It  seems  decidedly  probable  that  these  two  leaves  were  from  a  single  plant, 
for  it  is  very  uidikely  that  two  separate  leaves  of  the  same  degree  of  preservation  would  have 
found  their  way  out  in  the  Cretaceous  sea  and  have  come  to  rest  witliin  a  few  inches  of  each 
other  in  this  very  restricted  clay  lens,  which  was  not  over  a  few  feet  in  diameter  and  some  miles 
from  the  Cretaceous  shore.  One  leaf  has  the  margins  broadly  rounded  and  each  main  lobe 
divided  into  two  nearly  equal  suborcUnate  lobes;  in  the  other  leaf  these  subordinate  lobes  are 
subdivided  in  a  Uke  manner  and  some  of  these  are  again  sublobate. 

Remains  of  these  curious  leaves  were  fu'st  encountered  at  the  plant  locality  near  Bueiia 
Vista,  where  they  occur  in  a  very  fragmentary  state,  the  most  complete  specimens  being  the 
counterparts  figured  in  Plate  XXIV,  figures  4  and  5.  A  very  small  fragment  wliich  is  identical 
with  or  closely  related  to  these  forms  had  been  previously  collected  from  the  Black  Creek 
formation  along  Neuse  River  in  North  CaroHna  but  had  not  been  recognized.  Though  these 
leaves  differ  in  important  particulars,  notably  in  having  the  primaries  arranged  palmately  and 
the  lamina  in  the  forks  of  the  veins  less  abbreviated,  they  arcsimilar  to  and  possibly  congeneric 
with  Fontainea  grandifolia,  described  by  Newberry  '  from  the  Raritan  formation  in  New  Jersey. 
The  incomplete  nature  of  the  material  upon  which  tliis  species  and  genus  was  based  makes  any 
detailed  comparisons  impossible.  In  the  New  Jersey  species  the  entire  lamina  is  cut  out  in  the 
sinuses  for  a  distance  of  several  centimeters. 

In  (hscussing  the  New  Jersey  plants  Newberry^  compared  them  with  Haliserites  reichii,^ 
reproducing  Sternberg's  figure.  This  plant  came  from  the  Cretaceous  greensand  of  Nieder- 
schoena.  Saxony  (Cenomanian),  and  was  discovered  by  Reich,  who  named  it  Fucoides  dicho- 

1  The  flora  of  the  Amboy  clays-  Men.  U.  S.  Geol.  Survey,  vol.  26,  1S96,  p.  96,  PI.  XLV,  figs.  1-4. 

"■  Op.  cit.,  p.  96,  PI.  XLV,  fig.  5. 

3  Sternberg,  Flora  der  Vorwell,  vol.  2,  1833,  p.  34,  PI.  XXFV,  fig.  7. 
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Figure  2.— Restoration  of  the  leaf  of  Manihotites  georgiana  figured  : 
natural  size.) 


Plate  XXII.    (One-eleventh 


tomus.     Sternberg  referred  it  to  Haliserites  because  of  its  fancied  resemblance  to  a  recent  alga, 

Ealiseris  polypodoides  Ag,a.rdh.     Though  much  smaller  than  the  American  species  of  Fontainea, 

the  Saxon  plant  is  hardly  a  seaweed,  and  is  closely  comparable  with  the  American  genus.' 

A  similar  form,  more  nearly  the  size  of  Fontainea,  is  figured  by  Bronn  ^  and  retained  in 

Haliserites,  although  Ross- 

massler  and  Co tta  referred 

it  to  Chiropteris.     Schim- 

per^  refers  it  to  Delesseria, 

comparing    it     with     the 

modern    Delesseria    rusci- 

folia  Agardh,  as   well    as 

with   Hahseris,  and  more 

recently    Rothpletz  ^    has 

recognized   its    angiosper- 

mous    affinities     and    re- 
named it  PTiyllites  reichi. 

StiU  another  similar  plant 

is  one  described  by  Vele- 

novsky  from  the  Cenoma- 

nian  of  Bohemia  as  Aralia 

furcata^  and  compared  with 

the  modern  genera  Jatro- 

pha,  Vitex,  Cussonia,  and 

Kke  forms.     It  is  hardly  an  AraUa,  and  is  very  similar  to  the  forms  previously  mentioned. 
It  might  be  added  that  Newbeny  compared  his  fossils  with  the  leguminous  genera  Hymenaea 

and  BauhLnia  and  regarded  the  genus  Sapindopsis  from  the  Lower  Cretaceous  of  Maryland  and 

Virginia  as  related  to  the  Raritan  plant.     These  are,  however,  entirely  distinct  and  unrelated. 

A  number  of  modern 
genera  have  leaves  more  or 
less  suggestive  of  this  Upper 
Cretaceous  species,  for  ex- 
ample. Podophyllum,  Jatro- 
pha,  Cecropia,  and  various 
tropical  Araliacese.  The 
fossils  have  been  carefully 
compared  with  these  and 
with  a  number  of  other 
modern  genera.  They  are 
closest,  however,  to  certain 
modern  species  of  Manihot, 
and  it  is  believed  that  the 
remarkably  variable  leaves 
of  the  latter  furnish  a 
satisfactory  clue  to  the 
relationship  of  this  Creta- 

1  of  the  leaf  of  Manihotites  georgiana  figured  In  Plate  XXIII.    (One-fifteenth  CCOIIS     form      for     nO     other 
natural  size.)  i  i  i 

comparable  modern  genus 
shows  similar  wavy  margins  and  inequilateral  rounded  lobes.  The  venation  is  also  very  similar. 
Figures  2  and  3  show  reduced  restorations  of  the  fossil  leaves  figured  on  Plates  XXII  and  XXIII. 

'  Rothpletz  in  18%  recognized  thedicotyledonous  nature  of  this  species  and  renamed  it  PhtjUiies  reichi.  (Zeilschr.  Deutsch.  geol.  Cesell..  vol.  48.  p.  904.) 

»  Lethsa  geognostica,  PI.  XXVUI.  fig.  1. 

'  Pal&ntologie  v(?g*ale,  vol.  1,  1S69.  p.  178. 

*  Zeitschr.  Deutsch.  geol.  Gesell.,  vol.  48,  18%,  p.  904. 

'  Die  Flora  der  bohmischen  Kreideformation,  pt.  3,  Ism,  p.  13.  PI.  IV,  fig.  1  (,4ra;ia  tlrga-m). 


FlGtJBE  3.— Restorati) 
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The  modern  species  of  Maniliot  Adanson  number  between  80  and  100  and  are  nearly  all 
endemic  in  tropical  South  America,  the  great  majority  occurring  in  Brazil,  which  has  more  than 
70  species.  There  are  one  or  two  species  in  Argentina,  and  the  remaining  species  occur  in  Peru 
and  Guiana  and  northward  through  Central  America  into  Mexico.  According  to  Tracy '  the 
various  cultivated  varieties  of  Manihot  (cassava),  though  natives  of  the  Tropics,  can  be  grown 
where  the  growing  season  lasts  10  or  11  months,  as  in  parts  of  the  Gulf  States.  Light  frost, 
however,  and  even  continued  cool  weather  enthely  stop  growth.  Even  in  the  Tropics  the 
best  growth  is  made  in  coastal  regions,  so  that  if  the  present  fossil  species  is  assumed  to  have 
requb-ed  a  shnilar  habitat  it  would  serve  to  corroborate  the  ecologic  evidence  furnished  b}^  the 
other  members  of  the  Georgia  Upper  Cretaceous  flora. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collection. — U.  S.  National  Museum. 

Order  BHAMNALES. 

Family  RHAMNACEiE. 

Genus  PALIURTJS  linne. 

Paliurus  upatoiensis  sp.  nov. 

Plate  XXI,  figures  5  and  6. 

Description. — Leaves  small,  obovate,  3  to  4  centimeters  in  length  by  1.3  to  1.6  centimeters  in 
greatest  width,  which  is  about  halfway  between  the  apex  and  the  base.  Apex  broadly  and 
evenly  rounded.  Base  narrowly  decurrent.  Margin  entire.  Primaries  three  in  number  from 
the  extreme  base,  about  equal  in  caliber,  aerodrome.  Secondaries  not  made  out.  Texture 
rather  coriaceous. 

This  species  is  clearly  distinct  from  any  previously  described  Cretaceous  forms,  although 
it  resembles  somewhat  Paliurus  ohovatus  Lesquereux,  of  the  Dakota  sandstone  of  the  West  and 
Paliurus  populifoKus  Berry  of  the  Magothy  formation  of  New  Jersey.  In  outline  these  leaves 
are  not  imlike  some  of  the  less  orbicular  leaves  of  Pistia  found  in  the  Black  Creek  formation  of 
North  Carolina,  but  the  venation  is  of  a  different  character  and  the  broad  sheathing  base  found 
in  Pistia  is  wanting. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Genus  ZIZYPHTJS  Linne. 

ZlZYPHUS    I.AURIFOLIUS    sp.  noV. 
Plate  XXI,  figure  7. 

Description. — Leaves  lanceolate,  9  to  10  centimeters  in  length  by  about  2  centimeters  in 
greatest  width,  about  equally  pointed  at  the  apex  and  the  base.  Margin  enthe.  Primaries 
three  in  number  from  the  extreme  base,  the  mich-ib  being  the  stoutest.  Secondaries  for  the 
most  part  not  seen,  though  a  few,  acutely  branching  and  camptodrome,  from  the  outside  of  the 
lateral  primaries  can  be  made  out. 

This  species  is  entirely  distinct  from  any  heretofore  described  from  the  Cretaceous,  although 
it  resembles  somewhat  Zizyphus  cliffwoodensis  Berry  from  the  Magothy  formation  of  New 
Jersey. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

'  Tracy,  F.  M.,  Farmers'  BuU.  No.  167,  U.  S.  Dept.  Agr.,  1903. 
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Order  THYMELEALES. 

Family  LATJRACE^. 

Genus  CINNAMOMTTM  Blmne. 

ClNNAMOMUM    NEWBERRYI    liom.  IIOV. 

Plate  XXI,  figures  9-11. 

Cinnamomum  sezannense  Heer,  Flora  fossilis  arctica,  vol.  6,  Abth.  2,  1882,  p.  77,  Pis.  XIX,  fig.  8,  and  XXXIII,  figs. 

11  and  12  (nonWatelet). 
Cinnamomum  sezannense  Heer,  idem,  vol.  7,  1883,  p.  30,  Pi.  LXI,  fig.  la  (non  Watelet). 
Cinnamomum  sezannense  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  I'.  S.  Geol.  Survey,  vol.  17,  1892,  p.  107, 

PI.  XII,  fig.  7  (non  fig.  6,  which  ia  a  leaf  of  Cinnamomum,  membranaceum  (Lesquereux)  Hollick). 
Cinnamomum  sezannense  Dawson,  Trans.  Roy.  Soc.  Canada,  1st  ser.,  vol.  11,  sec.  4,  1894,  p.  64,  PI.  XIII,  fig.  58  (non 

Watelet). 
Cinnamomum  sezannense  Hollick,  Bull.  Torrey  Bot.  Club,  vol.  21,  1894,  p.  53,  PI.  CLXXX,  figs.  5  and  7  (non  Watelet). 
Cinnamomum  intermedium  Smith,  On  the  geology  of  the  Coastal  Plain  of  Alabama,  1894,  p.  348  (nomen  nudum). 
Cinnamomum  intermedium  Newberry,  The  flora  of  the  Amboy  clays:  Mon.  U.  S.  Geol.  Survey,  vol.  26,  189G,  p.  89, 

PI.  XXIX,  figs.  1-8  and  10  (non  Ettingshausen). 
Cinnamomum  sezannense  Penhallow,  Trans.  Roy.  Soc.  Canada,  2d  ser,,  vol.  8,  sec.  4,  1902,  p.  46  (non  Watelet). 
Cinnamomum  sezannense  Hollick,  Fifty-fifth  Ann.  Rept.  N.  Y.  State  Mus.  for  1901,  1903,  p.  r50. 
Cinnamomum  intermedium  Berry,  Rept.  State  Geologist,  New  Jersey,  for  1905,  1906,  p.  139,  PI.  XX,  figs.  2-6  (non 

Ettingshausen). 
Cinnamomum  intermedium  Berry,  Bull.  Torrey  Bot.  Club,  vol.  33, 1906,  p.  179,  PI.  VII,  figs.  3  and  4  (non  Ettingshausen). 
Cinnamomum  intermedium  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  U.  S.  Geol. 

Survey,  vol.  50,  1907,  p.  74,  Pis.  XXIX,  fig.  7,  and  XXX,  figs.  1  and  2  (non  Ettingshausen). 
Cinnamomum  intermedium  Berry,  Bull.  Torrey  Bot.  Club,  vol.  37,  1910,  p.  27  (non  Ettingshausen). 

Description. — The  name  of  this  important  American  Cretaceous  species  is  unfortunately 
preoccupied,  as  it  was  used  in  18S7,  nine  years  before  Newberry's  work  appeared,  by  the  late 
Baron  Ettmgshausen  '  for  an  early  Tertiary  species  from  New  Zealand.  A  new  name  is  therefore 
necessarj^,  and  the  writer  feels  that  none  can  be  more  appropriate  than  one  which  honors  the 
memory  of  one  of  America's  pioneer  paleobotanists. 

Leaves  subcoriaceous,  lanceolate  to  ovate-lanceolate  in  outline,  varying  greatly  in  size 
and  consequently  in  appearance.  Apex  short,  pointed  or  more  or  less  narrowly  extended. 
Base  broad,  narrowed  to  the  petiole.  Primaries  three,  usually  suprabasilar.  This  species  is 
primarily  distinguished  from  Cinnamomum  heerii  Lesquereux  by  its  relatively  narrower  form 
and  acute  base.  The  Georgia  material  is  not  unconunon,  but  is  for  the  most  part  extremely 
fragmentary.  The  single  complete  leaf  is  of  the  short  type  like  that  shown  in  Newberry-'s 
figure  10,'  or  like  the  leaves  from  the  Arctic  and  from  the  Dakota  sandstone  which  have  usually 
been  referred  to  CinrMmomum  sezannense  Watelet.  That  they  are  not  in  the  slightest  degree 
related  to  this  European  basal  Eocene  t^'pe  ma}'  be  readih'  seen  b}'  a  comparison  of  the  American 
Cretaceous  material  with  the  figures  of  the  true  Cinnamomum  sezannense  as  given  by  Watelet, 
Saporta,  and  others.^ 

The  present  species,  as  here  revised  according  to  the  foregoing  citations,  has  a  remarkable 
range  in  the  earlier  half  of  the  Upper  Cretaceous.  The  Raritan  formation  of  New  Jersey  is 
the  oldest  horizon  from  which  it  is  known.  Above  the  Raritan  horizon  it  occurs  in  the  Atane 
and  Patoot  beds  of  Greenland,  in  the  Magothy  formation  from  Long  Island  to  Maryland,  in 
the  Black  Creek  formation  of  North  Carolina,  in  the  Middendorf  member  of  the  Black  Creek 
of  South  Carohna,  in  the  Tuscaloosa  formation  of  Alabama,  where  it  is  especially  abundant 
at  certain  localities,  and  in  the  Dakota  sandstone  of  Kansas.  It  appears  to  be  present  in 
the  Upper  Cretaceous  of  the  Pacific  coast  on  Vancouver  Island,  and  is  probably  represented 
in  the  Texas  remains  of  Cinnamomum  recorded  by  Knowlton  ^  from  the  Woodl)ine  sand  in 

1  Deiikschr.  K.  Akad.  VViss.  Wien,  Math.-nat.  Kl.,  vol.  53, 1887,  p.  166,  PI.  I\',  flg.s.  20-22. 

!  Watelet,  A.,  Description  des  plantes  fossiles  bassin  de  Paris,  1866,  PI.  L,  flg.  2.  Saporta,  G.  de,  Flore  fossUe  de  Suzanne,  1S6S,  PI.  VUI, 
fig.  3;  V^g^tation  k  I'Spoque  des  manies  heersieimes  de  Gelinden,  187,3,  I'l.  \"I,  figs.  5,  6;  Revision  de  la  flora  heersienne  de  Gclinden,  1878,  PL  IX, 
figs.  2-6.    Friedrieh,  P.  A.,  Beitrage  ztir  Kenntniss  der  Tertiiirflora  der  Provlnz  Sachsen,  1883,  PI.  I,  fig.  5. 

2  Hill,  U.  T.,  Twenly-flrst  Ann.  Rept.  U.  S.  Geol.  Surrey,  pt.  7, 1901,  p.  317. 
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Cooke  C'ounty,  Tex.  Although  not  known  from  Europe  the  forms  from  the  Cenomanian  of 
Bohemia  wliieh  Velenovskv  describes  as  Aralm  daphnophyllum  '  are  very  similar  to  this  American 
species." 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

CiNNAMOMUM  HEERii  Lesquereux? 

Plate  XXI,  figure  8. 

Cinnamomum  heerii  Lesquereux,  Am.  Jour.  Sci.,  2d  eer.,  vol,  27,  1859,  p.  3G1. 

Cinnamomum.  heerii  Lesquereux,  Trans.  Am.  Pliilos.  Soc,  vol.  13,  1869,  p.  431,  PI.  XXIII,  fig.  12. 

Cinnamomum  heerii  Lesquereux,  The  Cretaceous  flora,  1874,  p.  84,  PI.  XXVIII,  fig.  11. 

Daphnogene  heerii  Lesquereux,  Ann.  Rept.  U.  S.  Geol.  and  Geog.  Survey  Terr,  for  1874,  1876,  p.  343. 

Cinnamomum  heerii  Lesquereux,  The  Cretaceous  and  Tertiary  floras,  1883,  p.  54. 

Cinnamomum  heerii  Lesquereux,  The  flora  of  the  Dakota  group:  Mon.  V.  S.  Geol.  Survey,  vol.  17,  1892.  p.  105,  PI. 

XV,  fig.  1. 
Cinnamomum  heerii  Newberry,  The  later  extinct  floras  of  North  America:  Mon.  U.  S.  Geol.  Survey,  vol.  35,  1898, 

p.  100,  PI.  XVII,  figs.  1-3. 
Cinnamomum  heerii  Knowlton,  in  Hill,  Twenty-first  Ann.  Rept.  U.  S.  Geol.  Survey,  pt.  7,  1901,  p.  318,  PI.  XXXIX, 

fig.  5. 
Cinnamomum,  heerii  Kurtz,  Revista  Mus.  La  Plata,  vol.  10,  1902,  p.  52. 
Cinnamomum  heerii  Berry,  Ann.  Rept.  State  Geologist  New  Jersey  for  1905,  1906,  p.  139. 
Cinnamomum  heerii  Berrj-,  Bull.  Torrey  Bot.  Club,  vol.  33,  1906,  p.  179. 
Cinnamomum  heerii  Berry,  idem,  vol.  34,  1907,  p.  200,  PI.  XIII,  figs.  2  and  3. 
Cinnamomum  heerii  Hollick,  The  Cretaceous  flora  of  southern  New  York  and  New  England:  Mon.  V .  S.  Geol.  Survey, 

vol.  50,  1907,  p.  75,  PI.  XXX,  figs.  5  and  6. 

Description. — Leaves  coriaceous,  entire,  ovate  in  outline,  more  or  less  attenuated  apically. 
Base  broadly  rounded.     Primaries  three,  stout,  suprabasilar.     Secondaries  camptodrome. 

The  exact  status  of  this  species  is  made  out  with  difficulty.  In  typical  specimens  it  is 
clearly  distinct  from  Cinnamomum  Newherryi  Berry  in  its  more  regular  outline  and  vena- 
tion, broader  form,  more  rounded  base,  and  stouter  suprabasilar  primaries.  Other  remains 
have  been  referred  to  Cinnamomum  heerii  which  are  not  typical  in  some  of  these  distinctive 
characters,  and  the  well-known  variation  of  the  leaves  of  Cinnamomum  renders  a  satisfactory 
solution  of  the  problem  difficult.  This  species  was  doubtfully  recorded  from  the  Raritan 
formation  by  Lesquereux  in  1878,  but  it  has  not  been  detected  at  this  horizon  cither  by  New- 
berry or  b}'  the  WTitcr  and  is  not  admitted  as  a  member  of  the  Earitan  flora.  It  does,  however, 
characterize  the  somewhat  younger  beds  represented  in  the  west  by  the  Dakota  sandstone  and 
the  Woodbine  sand  and  in  the  Coastal  Plain  by  the  Magothy  formation  of  the  north  and  the  Black 
Creek  and  Tuscaloosa  formations  of  the  south.  In  the  Georgia  area  it  is  represented  by  frag- 
ments showing  the  coriaceous  texture,  broad  base,  and  suprabasilar  primaries  of  the  species. 
It  occurs  at  McBrides  Ford. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — ^U.  S.  National  Museum. 

Genus  MALAPOENNA    Adanson. 
Malapoenna  horrellensis  Berry. 
Malapeonna  horrellensis  Berry,  Bull.  Torrey  Bot.  Club,  vol.  37,  1910,  p.  198,  PL  XXIV,  figs.  1-9. 
Description. — The  followmg  description  is  given  in  the  work  cited  above: 

Leaves  ovate-lanceolate,  about  8  centimeters  long  by  2.5  centimeters  in  greatest  width;  broadest  at  the  evenly 
rounded  or  slightly  acute  base,  narrowing  gradually  upward,  the  apex  narrow  and  extended  but  obtusely  pointed. 
Leaf  substance  thin  but  persistent,  evidently  coriaceous  in  life,  as  these  leaves  occur  abundantly  at  a  locality  where 
all  the  vegetable  remains  except  the  resistant  Araucaria,  Cunninghamites,  and  Pistia  were  evidently  thoroughly  macer- 
ated before  entombment.  Secondaries  four  to  six  pairs,  subopposite,  curved  upward,  camptodrome,  branching 
from  the  midrib  at  an  acute  angle,  the  lowest  pair  brandling  from  the  top  of  the  petiole  and  extending  upward  halfway 

1  Velenovsky,  J.,  Die  Flora  der  bohmischen  Krcideformation,  pt.  1, 1SS2,  p.  23,  Pis.  V,  flgs.  5-8,,  10;  VI,  figs.  1-5. 
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to  the  apex  or  farther,  giving  the  leaf  a  triple-veined  appearance.  Perhaps  they  should  be  termed  lateral  primaries, 
although  they  are  much  finer  than  the  fairly  stout  midrib .  The  next  pair  of  secondaries  branch  at  a  less  acute  angle, 
a  considerable  distance  above  the  base,  one-third  to  one-half  the  distance  to  the  apex.  Tertiary  venation  t}T)ically 
lauraceous. 

This  species  is  markedly  distinct  from  the  species  of  lauraceous  leaves  hitherto  described 
in  its  rounded  base,  the  only  genus  of  this  famUy  with  such  a  character  being  Cinnamomum. 
The  present  species  may  possibly  be  confused  with  Cinnamomum  heerii  when  only  the  basal 
part  of  the  leaf  is  found,  but  the  general  proportions  and  characters  of  the  whole  leaf  are 
perfectly  distinct. 

It  is  common  at  several  localities  in  the  upper  beds  of  the  Black  Creek  formation  hi  North 
Carolina  and  is  represented  in  the  collections  from  the  Eutaw  formation  of  Alabama  by 
several  forms  as  yet  unstudied.  The  Georgia  occurrence  is  based  on  fragmentary  material 
from  Broken  Arrow  Bend  on  Chattahoochee  River. 

The  genus  Malapoenna  has  more  than  one  hundred  existiiig  species,  chiefly  of  the  Oriental 
tropics,  and  is  well  represented  in  the  fossU  state  from  the  Dakota  and  Magothy  formations 
upward.  It  is  especially  well  represented  in  the  Paleocene  of  Europe  and  m  the  Shoshone 
group  of  America.  Of  the  two  species  m  the  Dakota  sandstone  of  the  West,  one  occurs  in  the 
Tuscaloosa  formation  at  Cottondale,  .Ua.,  and  the  other  m  the  Magoth}'  formation  of  New 
Jersey. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  Broken  Arrow  Bend,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Order  TJMBELLALES. 

Family  ARALIACEffl. 

Genus  ARALIA  Linne. 

Aralia  eutawensis  sp.  nov. 

Plate  XX,  figure  7. 

Description. — Leaves  relatively  small  m  size,  pahnately  cjuinquelobate.  Length  about  8 
centimeters.  Greatest  width  8  to  9  centimeters  across  the  basal  lobes,  which  are  directed  later- 
ally; the  other  three  lobes  are  directed  upward.  Margm  entire.  Lobes  obtusely  pointed,  m- 
clined  to  be  parallel  sided,  divided  not  quite  hahway  to  the  base,  the  upper  two  smuses  narrow, 
the  lateral  smuses  more  open  and  obtusely  rounded.  Base  slightly  decurrent.  Primaries  five 
m  number,  diverging  from  the  base  or  just  above  it,  equal  in  caliber,  and  slightly  flexuous  in 
their  course.     Secondaries  not  made  out. 

This  species  greatly  resembles  the  leaves  from  the  Magothy  formation  of  New  Jersey  and 
from  the  Black  Creek  formation  of  North  Carolina,  which  have  been  identified  with  Aralia 
newhernji  Berry  of  the  Raritan  formation.  In  fact,  a  careful  study  of  a  considerable  series  of 
these  forms  wUl  probably  result  m  uniting  these  Magothy  and  Black  Creek  f<>nns  with  the 
present  species  as  distinct  from  the  Raritan  species. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.      (CoUected  by  E.  W.  Berry.) 

Collections. — \J.  S.  National  Museum. 

Order  MYKTALES. 

Family  MYRTACEa;. 

Genus  EUCALYPTUS  L'Heritier. 

Eucalyptus  angusta  Velenov.sky. 

Plate  XX,  figures  2-1. 

This  species  is  described  in  the  section  of  the  report  dealing  with  the  Upper  Cretaceous 

flora  of  South  Carolina  (pp.  55-56) .     The  Georgia  occurrences  include  well-marked  remams  from 
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Buena  Vista,  which  are  here  figured,  and  more  fragmentary  but  entirely  typical  material  from 
McBrides  Ford. 

Occurrence. — ^Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.  (Collected  by  E.  W.  Berry.)  Cusseta  sand  member  of  the  Ripley  formation,  Buena 
Vista,  Marion  County.     (Collected  by  L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museum. 

Order  EKICALES. 

Family  EKICACEffi. 

Genus  ANDROMEDA  Linne. 

Andromeda  nov^ec^sare^e  Hollick. 
Plate  XXIV,  figure  1. 

This  species  is  described  in  the  section  of  tliis  report  dealing  with  the  Upper  Cretaceous 
flora  of  South  CaroUna  (pp.  58-59).  It  was  one  of  the  few  species  whoso  leaves  successfully 
resisted  maceration  in  the  shallow  shoreward  deposits  known  as  the  Cusseta  sand  member  of 
tlie  Ripley  formation  of  Georgia.  It  occurs  at  Buena  Vista  in  association  with  Araucaria 
bladenensis. 

Occurrence. — Cusseta  sand  member  of  the  Ripley  formation,  Buena  Vista,  Marion  County. 
(Collected  by  L.  W.  Stephenson.) 

Collections. — U.  S.  National  Museum. 

Andromeda  cretacea  Lesqucreux? 

Plate  XXIV,  figure  2. 

Andromeda  cretacea  Leaquereux,  The  flora  of  the  Dakota  group:  Men.   I'.  S.  Geol.   Survey,  vol.  17,  1892,   p.  117, 
Pis.  XVII,  figs.  17  and  18,  and  XXIV,  fig.  5. 

Description.-^hesLi  small,  thin,  lanceolate,  acuminate,  with  a  thin  midrib.  Length  about 
3.5  centuueters.  Greatest  width  about  7.5  millimeters,  about  halfway  between  the  apex  and 
the  base.  Secondaries  not  seen  in  the  Georgia  material.  In  the  type  material  from  Kansas 
they  are  parallel,  nearly  equidistant,  much  curved  near  the  margins,  camptodrome. 

This  species  was  based  upon  rather  fragmentary  material  from  the  Dakota  sandstone  of 
Ellsworth  County,  Kans.,  and  the  Georgia  material,  which  is  referred  with  some  hesitation  to 
tlus  species,  is  about  as  poor  as  the  type  material.  It  has  not  heretofore  been  collected  outside 
the  type  locality,  although  similar  forms  which  are  probably  of  tliis  species  are  present  in  the 
writer's  collections  from  the  Tuscaloosa  formation  of  western  Alabama. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (Collected  by  E.  W.  Berry.) 

Collections. — U.  S.  National  Museum. 

Andromeda  wardiana  Lesquereux. 

Plate  XXIV,  figure  3. 

Andromeda  wardiana  Lesquereux,  The  flora  of  the  Dakota  group:   Mon.  U.  S.  Geol.  Survey,  vol.  17,  1892,  p.  119, 
PI.  LXIV,  fig.  17. 

Description. — Leaf  elliptical  in  outline,  entire.  Apex  and  base  equally  narrowed  but  the 
apex  bluntly  rounded.  Length  5.3  centimeters.  Greatest  width,  which  is  halfway  between 
the  apex  and  the  base,  2.3  centimeters.  Midrib  thin.  Secondaries  not  made  out.  In  tlie  type 
they  are  thin,  diverging  at  an  angle  of  about  40°  and  camptodrome. 

The  type  material  came  from  the  Dakota  sandstone  of  Ellsworth  County,  Kans.  The 
Georgia  material  shows  a  leaf  which  is  a  trifle  larger  but  which  in  its  general  proportions  and 
outline  is  identical  with  the  western  form,  and  there  can  be  no  doubt  of  thek  identity. 
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It  is  quite  possible,  in  fact  probable,  that  this  species  is  not  distinct  from  Andromeda 
tenuinervis  Lesquereux,'  wliich,  if  the  form  referred  to  it  by  Hollick-  is  correctly  identified, 
approaches  it  closely  in  size.  The  two  differ  somewhat  in  texture  and  in  the  degree  of  acuteness 
of  the  apex,  but  whether  these  features  are  of  specific  value  or  not  is  an  open  question. 

Occurrence. — Lower  division  of  the  Eutaw  formation,  McBrides  Ford,  Chattahoochee 
County.     (Collected  by  E.  W.  Ben-y.) 

Collections. — U.  S.  National  Museum. 

BOTANIC  CHARACTER  OF  THE  FLORA. 

The  Cretaceous  flora  of  Cleorgia  as  disclosed  by  the  collections  studied  is  relatively  small, 
embracing  only  32  determinable  species.  That  it  presents  but  a  meager  picture  of  the  actual 
plant  covering  of  the  adjacent  land  is  obvious  in  many  ways.  It  need  only  be  contrasted 
with  the  abundant  floras  of  near-by  more  or  less  homotaxial  deposits,  such  as  the  Tuscaloosa 
formation  of  northwestern  Alabama  or  the  Middendorf  arkose  member  of  the  Black  Creek 
formation  to  the  northeast  in  South  Carolina,  to  emphasize  the  disparity  in  the  number  of 
specific  forms.  Tliis  is  believed  to  be  due  not  to  any  relative  paucity  in  tlie  contemporaneous 
vegetation  of  the  Cretaceous  Piedmont  area  of  Georgia,  but  to  the  character  of  the  sediments 
and  the  opportunities  they  afforded  for  preservation  of  leaf  remains.  All  the  Upper  Cretaceous 
deposits  of  Georgia  are  marine  in  character,  and  though  some,  like  the  Cusseta  and  Providence 
sand  members  of  the  Ripley  formation,  were  evidently  deposited  in  shallow  water  near  shore, 
current  or  wave  action  seems  to  have  been  comparatively  violent.  Thus  the  vegetable  debris 
wliich  was  floated  into  the  Cretaceous  sea  was  much  triturated  before  entombment  or  thorougldy 
oxidized  in  the  loose  matrix  afterwards.  That  such  debris  was  present  in  the  water  is  evident 
wherever  local  lenses  of  clay  were  laid  down  in  quieter  waters.  It  is  from  such  relatively 
insignificant  lenses  that  all  the  flora  now  available  is  derived,  and  the  character  of  these 
remains,  both  as  to  their  condition  of  preservation  and  wdth  regard  to  the  forms  represented, 
fully  substantiates  the  preceding  statements.  The  areas  in  which  these  deposits  merged  into 
theii"  estuarine  or  fluviatile  phases,  and  in  which  plant  fossils  were  probably  better  preserved, 
have  been  entirely  destroyed  by  subsequent  erosion,  as  might  be  expected,  or  else  the  Cretaceous 
shore  hne  was  an  almost  continuous  sand  beach  without  any  of  the  considerable  reentrants 
wliich  usually  play  so  prominent  a  part  in  preserving  the  records  of  ancient  floras.  The  most 
prolific  Cretaceous  plant  locality  in  Georgia  is  that  at  McBrides  Ford,  near  the  landwai'd  margin 
of  the  Eutaw  formation,  and  here  the  total  number  of  recognizable  forms  is  only  19.  (See 
p.  101.) 

Though  these  are  not  all  forms  whose  existing  representatives  belong  to  the  strand  flora 
or  to  that  wliich  flourished  in  immediate  proximity  to  the  coast,  it  is  noticeable  that  nearly  all 
are  forms  ^vith  coriaceous  foliage,  Uke  the  conifers,  of  which  there  are  four  species,  and  Uke  the 
species,  of  Andromeda,  Ficus,  Eucalyptus,  and  Magnoha.  Furthermore  the  types  represented 
wliich  may  be  regarded  as  inland  forms  are  species  that  probably  inhabited  stream  bottoms. 
These  are  not  abundant  in  individuals  and  are  usually  much  macerated  and  broken. 

The  next  locaHty  in  point  of  abundance  of  forms  is  that  at  Cliimney  Blufl",  where  small 
lenses  of  clay  at  the  top  of  the  Eutaw  fonnation,  comparable  in  size  with  those  at  the  preceding 
locaUty  near  the  base  of  the  formation,  have  yielded  seven  species,  three  of  wliich  are  conifers, 
two  willows,  and  two  coriaceous  fig  leaves.  The  six  species  recorded  from  near  Buena  Vista, 
the  five  species  from  Broken  Arrow  Bend,  and  the  three  species  from  the  locaUty  near  Byron 
are  also  of  these  types.  This  kind  of  a  flora,  which  might  perhaps  be  termed  unrepresentative, 
renders  exact  correlations  cUfficult  and  makes  satisfactory  comparisons  possible  only  with  such 
floras  as  those  preserved  in  the  typically  marine  beds  of  the  Black  Creek  formation  of  the 
Carolinas  or  with  the  upper  Tuscaloosa  and  Eutaw  floras  of  Alabama.  In  the  absence  of  later 
records  in  tliis  area  it  is  impossible  to  surmise,  for  example,  how  many  of  the  elements  found 
in  the  lower  Tuscaloosa  of  Alabama  survived  as  late  as  the  Cusseta  sand  member  of  the  Ripley 

1  Lesquereux,  l.eo.  Mon.  U.  S.  Oeol.  Survey,  vol.  17, 1S92,  p.  116,  PI.  XXXVIH,  fig.  7.         ,. 

2  HoUick,  Arthur,  Mon.  U.  S.  Geol.  Survey,  vol.  50, 1906,  p.  102,  PI.  XXXIX.  flg.  7. 
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formation  and  how  many  had  become  extinct.  The  uniformity  of  the  Eastern  Cretaceous 
floras  from  the  Magothy  of  New  Jersey  to  the  Tuscaloosa  of  Alabama,  over  a  distance  of  900 
miles  or  more  in  a  northeast-southwest  direction,  indicates  strongly  that  many  of  these  types 
were  present  in  the  Georgia  flora,  for  the  small  representation  of  plants  found  in  the  overlying 
middle  division  of  the  Kipley  formation  is  entirely  different  in  character.  Tliis  condition  is 
similar  to  that  exliibited  by  the  differences  of  certain  western  interior  floras,  such  as  those  of  the 
Colorado  and  Montana  groups. 

As  previously  mentioned,  the  Georgia  Cretaceous  flora  numbers  32  species,  distributed 
among  IG  families  in  14  orders.  A  single  fern,  a  species  of  Dryopterites  of  the  family  Polypodiacete, 
is  recorded  from  one  locality.  Its  modern  representatives  are  so  varied,  numerous,  and  wide- 
spread that  it  furnishes  no  satisfactory  data  for  climatic  or  other  physical  speculations.  The 
conifers  are  represented  by  7  species,  the  majority  apparently  belonging  to  the  subfamily 
Araucarieae,  although  the  relatively  primitive  Taxacete  are  represented  by  a  species  of  Tumion. 
The  Monocotyledonse  are  represented  by  two  forms  of  httle  significance,  although  one  appears 
to  be  most  closely  alUed  with  certain  modern  tropical  forms.  The  Dicotyledonse  number  22, 
and  include  in  addition  to  the  remai'kable  genus  Manihotites  a  scattering  of  forms.  There  are 
four  species  of  Ficus,  three  of  wliich  have  coriaceous  lanceolate  leaves,  and  three  species  of  willow, 
probably,  like  the  modern  willows,  mesophytic  river-bank  types.  There  are  three  species  of 
Andromeda  wliich  doubtless  owe  their  preservation  to  their  small  coriaceous  leaves,  and  two 
species  each  of  Magnoha  and  Cinnamomum.  The  genera  Juglans,  Menispermites,  PaUurus, 
Zizyphus,  Malapoenna,  Aralia,  and  Eucalyptus  are  each  represented  by  a  single  species,  those 
species  belonging  to  Menispermites,  Paliurus,  and  Zizyphus  being  new  to  science. 

As  the  botanical  facies  shown  by  tliis  flora  is  due  largely  to  the  resistant  character  of  the 
foliage  preserved,  combined  with  what  are  usually  termed  the  accidents  of  preservation,  little 
is  to  be  gained  by  any  comment  on  the  relative  abundance  of  some  types  or  the  absence  of  others. 

PHYSICAL  CONDITIONS  INDICATED  BY  THE  FLORA. 

The  physical  conditions  that  bore  upon  the  Upper  Cretaceous  flora  of  Georgia  were  prob- 
ably substantially  the  same  as  those  already  described  as  existing  in  South  Carolina.  (See 
pp.  67-68.) 

The  climate  was  probably  mild  and  without  frost,  the  humidity  was  high,  and  the  rainfall 
was  abundant  and  probably  distributed  somewhat  uniformly  throughout  the  year. 

RANGE  OF  TpiE  MESOZOIC  FLORA. 

To  illustrate  some  of  the  features  of  ^lesozoic  j^liint  distribution  and  the  relative  and 
apparently  progressive  restriction  in  range  which  has  taken  place  in  comparatively  recent 
times,  the  writer  has  introduced  the  accompanjang  sketch  maps  (figs.  4-8),  which  show  in  a 
generaUzed  way  the  range  in  the  existing  flora  of  the  genera  Cinnamomum,  Eucalyptus,  Arau- 
caria,  and  Tumion.  When  the  known  occurrences  of  these  genera  during  the  Cretaceous  are 
plotted  on  maps  of  the  world  several  very  important  and  interesting  features  are  brought  out, 
and  additional  data  derived  from  other  forms,  such  as  the  Magnohacete,  Proteaceae,  and  Acti- 
nostrobese  are  entirely  in  accord  with  the  conclusions  reached  in  this  way. 

In  a  general  way  there  has  been  a  restriction  of  a  number  of  these  Mesozoic  types  or  their 
descendants  to  the  Southern  Hemisphere,  where  they  have  become  isolated  in  one  or  in  both 
of  the  continental  land  masses  which  project  southward  from  the  almost  circumpolar  land  inass 
of  the  Northern  Hemisphere.  That  this  restriction  is  more  in  the  nature  of  a  segregation  by 
the  extinction  of  intermediate  links  in  the  chain  of  (Hstribution  rather  than  an  actual  migration 
away  from  hostile  or  toward  optimum  conditions  for  growth  and  reproduction  is  well  shown 
by  the  cosmopohtanism  of  most  fossil  floras,  particularly  those  of  the  Mesozoic.  The  present 
distriJjution  of  Tumion,  Taxodium,  Sequoia,  Sassafras,  and  Liriodendron  is  corroborative  of 
this  generalization,  for  the  isolation,  by  extinction,  of  these  genera  and  of  many  others  that 
might  be  mentioned,  has   left   their  modern  representatives  in  favorable  areas,  not   in  the 
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Figure  4. — Sketch  map  showing  the  Cretaceous  (#)  and  Recent  (O)  distribution  of  T 


Figure  5.— Sketch  map  showing  the  Cretaceous  occurrences  of  the  Araucariese. 
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Figure  6. — Sketch  map  showing  the  existing  distribution  of  the  Araucariese. 


FiGUSE  7.— Sketch  map  showing  the  Cretaceous  (O)  and  Recent  (shaded)  distribution  of  Cinnamomum.     The  Recent  limits  should  have  been 

extended  to  include  India. 
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southern  continents,  but  north  of  the  equator.  Tumion,  for  example,  has  one  species  at  a  single 
locality  in  Florida,  another  in  CaUfornia,  and  two  or  three  others  in  China  and  Japan.  The 
once  cosmopolitan  Taxodium  has  a  single  eastern  American  species  at  the  present  day  and  a 
climatically  stranded  form  in  Mexico.  Sequoia,  once  of  world-wide  distribution  has  the  two 
well-known  species  of  the  Pacific  Coast  States.  Sassafras  is  now  reduced  to  a  single  eastern 
American  species,  and  liriodendron  to  a  single  American  species  and  another  in  eastern  Asia, 
though  both  these  genera  as  well  as  Taxodimn  continued  to  be  prominent  elements  of  the 
cosmopolitan  flora  as  late  at  the  Pliocene. 


Figure  8. — Sketch  map  showing  the  Cretaceous  (O)  and  Recent  (shaded)  distribution  of  Eucalyptus. 

CORRELATION   OF  THE  FLORA. 

liOWEB  DIVISION  OF  TBCE  EUTAW  FORMATION. 

The  fossil  plants  from  the  lower  division  of  the  Eutaw  formation  represent  the  following 
27  species: 


Andromeda  cretacea  Lesquereii.x  ? 

Andromeda  wardiana  Lesquereux. 

Androvettia  elegans  Berry. 

Aralia  eutawensis  Berry. 

Araucaria  bladenensis  Berrj'. 

Araucaria  Jeffrey!  Berry. 

Brachyphyllum  macrocarpum  formosura  Berry. 

Cinnamomum  lieerii  Lesquereux  ? 

Cinnamomiim  newberryi  Berry. 

Eucalyptus  angusta  Velenovsky. 

Ficus  crassipes  Heer. 

Ficus  krausiana  Heer. 

Ficus  ovatifolia  Berry. 


Magnolia  boulayana  Lesquereux. 
Magnolia  capellLnii  Heer. 
Malapoerma  liorrellensis  Berry. 
Manihotites  georgiana  Berry. 
Menispermitea  variabilis  Berry. 
Paliurus  upatoiensis  Berry. 
Pliragmites  pratti  Berry. 
Salix  eutawensis  Berry. 
Salix  flexuosa  Newberry. 
Salix  lesquereux!  Berry. 
Sequoia  reichenbacli!  (Geinitz)  Heer. 
Timiion  carolinianum  Berry  ? 
Zizyphus  laurifolius  Berry. 


Juglans  arctica  Heer  ? 

These  species  are  very  unequally  represented  at  the  three  localities  within  the  Eutaw 
formation  where  fossil  plants  have  been  found,  19  coming  from  McBrides  Ford,  near  the  base 
of  the  formation,  though  only  5  were  collected  from  Broken  Arrow  Bend,  also  near  the  base  of 
the  formation,  and  7  from  Chimney  Bluff,  near  the  top  of  the  formation.     The  only  species 
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present  at  more  than  one  locality  are  Salix  Jlexuosa  and  Sequoia  reichenhacM,  which  are  present 
at  all  three.  It  is  believed,  however,  that  these  features  are  due  almost  entirely  to  accidents 
of  preservation,  as  20  of  the  27  species  occur  at  earlier  horizons  either  in  Alabama  or  along  the 
Atlantic  Coastal  Plain  and  8  occur  at  later  horizons  in  Georgia  or  elsewhere.  Of  these  27 
species  the  new  species  of  Araha,  Menisperniites,  Paliurus,  and  Zizyphus  are  confined  to  the 
Eutaw  of  Georgia  and  hence  are  of  little  value  in  correlation.  Nevertheless  they  furnish  some 
evidence  of  value,  for  the  Aralia  is  closely  allied  to  a  species  of  the  Jlagothy  formation,  and 
although  Menispermites  is  represented  by  a  single  species,  and  Paliurus  and  Zizyphus  are  not 
present  in  any  of  the  floras  of  the  Montana  group,  all  three  are  common  in  earlier  floras,  both  in 
the  Coastal  Plain  and  in  the  Dakota  sandstone  of  the  West.  Nine  species  occur  in  strata  as 
old  as  the  Raritan,  14  are  found  in  the  Magothy  formation  of  the  northern  Coastal  Plain,  7 
occur  in  the  Middendorf  member  of  the  Black  Creek  formation  of  South  Carolma,  19  are  found 
in  the  typical  Black  Creek  deposits  of  North  and  South  Carolina,  and  11  have  been  recognized 
in  the  Tuscaloosa  formation  of  Alabama. 

Comparisons  with  floras  more  remote  geographically  indicate  that  14  of  the  Georgia  species 
are  found  in  the  flora  of  the  Dakota  sandstone,  whereas  only  2  occur  in  the  flora  of  the  Montana 
group,  one  of  these  two  species  being  Sequoia  reicJienhachi,  a  form  which  possesses  little  or  no 
stratigraphic  value  because  it  occurs  from  the  base  to  the  summit  of  the  Cretaceous.  Five 
species  are  common  to  the  Atane  beds  of  Greenland  and  three  to  the  Patoot  beds  of  the  same 
area,  one  of  these  three  also  being  Sequoia  reicJienhaclii.  Five  species  are  common  to  the  Ceno- 
manian  and  three  to  the  Turonian  of  Europe,  but  the  only  ones  common  to  the  Senonian  of 
Europe  are  CumiingJiamites  elcgans  and  Sequoia  reicheuhachi. 

Tlie  preceding  statements  render  any  extended  discussion  superfluous.  It  is  clear  that 
the  flora  of  the  Eutaw  formation  of  Georgia  is  of  approximately  the  same  age  as  the  Magothy- 
Matawan  flora  of  the  northern  Coastal  Plam  and  the  Black  Creek  flora  of  the  Carolmas.  It  has 
much  in  common  with  the  more  extensive  Tuscaloosa  flora  of  western  Alabama,  but  is  probably 
younger  than  the  bulk  of  the  Tuscaloosa  flora  or  that  found  in  the  Middendorf  arkose  member 
of  the  Black  Creek  formation. 

BIPLEY  FOBMATION. 
CUSSETA    SAND    MEMBER. 

Tlie  Cusseta  sand  has  furnished  fossil  plants  at  only  two  localities — one  near  Buena  Vista, 
in  Marion  County,  and  the  other  near  Byron,  m  Houston  County.  Tliese  plants  are  tew  in 
number  and  are  poorly  preserved. 

The  f oUowing  species,  six  in  aU,  have  been  recognized  from  the  locality  near  Buena  Vista : 


Ajidromeda  noveecassarese  Hollick. 
Araucaria  bladenensis  Berry. 
Dorj'anlhites  cretacea  Berry. 


Eucalyptus  angusta  Velenovsky. 
Ficus  georgiana  Berry. 
Jfanihotites  georgiana  Berry. 


Three  of  the  foregoing  species  occur  in  the  underlying  Eutaw  formation,  and  all  but  the 
Ficus,  which  is  new,  are  found  in  the  Black  Creek  formation  of  North  and  South  Carolina.  Tlie 
Andromeda  is  a  characteristic  species  of  the  Black  Creek  formation  and  is  one  of  the  type 
fossils  of  the  Magothy  formation  of  the  northern  Coastal  Plain,  although  it  makes  its  earliest 
appearance  in  the  Raritan  formation,  as  does  also  the  Eucalyptus.  None  of  the  six  genera 
except  Ficus  are  represented  in  the  flora  of  the  Montana  group,  and  the  latter  is  represented  by 
very  different  species.  It  seems  clear,  then,  that  the  Cusseta  sand  is  pre-Montana  in  age  and 
that  it  faUs  withm  the  same  general  paleobotanic  limits  that  include  the  Magothy-Matawan, 
typical  Black  Creek,  Middendorf,  and  upper  Tuscaloosa  floras  of  the  East  and  the  flora  of  a 
part  of  the  Dakota  sandstone  of  the  West. 

The  deposits  near  Byron  seem  to  lack  for  the  most  part  any  physical  or  faunal  data  for 
accurate  correlation;  in  fact,  these  extensive  interbedded  sands  and  clays  constitute  landward 
Cretaceous  dei)osits  which  may  represent  the  whole  cf  the  Upper  Cretaceous  section  along 
Chattahoochee  River  or  in  western  Alabama,  so  that  the  following  comments  must  be  understood 
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to  apply  only  to  the  horizon  yielding  the  fossil  plants,  which,  according  to  Stephenson,  is  leferred 
to  the  Cusseta  member.  These  plants  number  but  three  species — Dryopierifes  stephtrisoni  Berry, 
Cunninghamites  elegans  (Corda)  Endlicher,  and  Araucaria  jeffreyi  Berry,  the  first-named  form 
being  new  to  science. 

As  Dryopterites  occurs  in  the  Lower  Cretaceous,  Dryopteris-like  forms  are  found  in  post- 
Cretaceous  floras  do^\^^  to  the  present  time,  and  Dryopteris  (Aspidium)  is  to-day  a  widespread 
and  dominant  genus  of  ferns,  the  Georgia  species,  which  is  unlike  any  of  the  described  forms 
is  of  no  value  in  correlation.  Of  the  other  two  forms,  CnnninghamiUs  dcgans  has  a  rather  wide 
geographic  range,  occurring  both  in  this  country  and  abroad,  and  its  geologic  range  is  also 
considerable.  In  Europe  it  ranges  from  the  Cenomanian  to  the  Senonian,  inclusive,  and  in 
this  country  it  has  a  parallel  range,  from  the  Magothy  flora  of  the  East  to  the  Montana  flora  of 
the  "West.  It  has  been  recorded  from  Lower  Cretaceous  horizons  in  Europe,  but  these  determi- 
nations are  believed  to  be  erroneous.  The  nearest  geographic  occurrence  to  that  in  Georo-ia 
is  that  of  the  upper  part  of  the  Black  Creek  formation  of  North  Carolina:  hence  the  conclusion 
that  the  exposures  near  Byron  are  not  older  than  those  of  the  Black  Creek  and  not  younger 
than  those  of  the  Montana  group  appears  to  be  firmly  established. 

The  remaining  species,  Araucaiia  jfffreyi,  is  not  a  widespread  form,  and  its  intimate 
association  with  Araucaria  lladenensis  in  the  Eutaw  formation  at  Chimney  Bluff,  Ga.,  and  in 
the  Black  Creek  formation  of  North  Carolina  indicates  that  it  may  represent  cone  scales  of  the 
latter  species.  Taken  alone,  Araucaria  jeffreyi  points  to  the  same  conclusion  regarding  the  a^e 
of  the  deposits  near  Byron  as  does  the  distribution  of  Aravcaiia  bJadenensis,  but  the  latter 
furnishes  more  definite  data. 

Araucaria  lladenensis  is  one  of  the  most  abundant  and  typical  forms  of  the  Black  Creek 
forn^ation  in  North  and  South  Carolina,  ranging  from  its  base  to  its  summit.  It  has  also  been 
found  in  the  Cusseta  sand  member  of  the  Ripley  formation  near  Buena  Vista,  in  the  Eutaw 
formation  just  below  the  Tombigbee  sand  member  at  Chunney  Bluff,  and  in  the  base  of  the 
Eutaw  formation  in  western  Alabama.  A  closely  allied  or  identical  form  occurs  in  the  Magothy 
of  Maryland  and  New  Jersey,  and  a  similarly  allied  form  has  been  described  from  the  Turonian 
of  France  and  Bohemia.  Though  the  lower  limit  of  the  species  is  settled,  therefore,  with 
some  degree  of  certainty,  its  upper  limit  remains  vague.  It  is  not  found  above  the  horizon 
rejiresented  by  the  plant  beds  near  Buena  Vista,  which  are  placed  in  the  Cusseta  sand.  This 
fact  is  not  so  important,  however,  as  it  would  at  first  appear,  for  the  floras  from  the  later 
Cretaceous  in  the  eastern  United  States  are  extremely  meager.  However,  as  nothing  in  any 
way  allied  to  it  has  been  discovered  in  the  abundant  floras  of  Montana  or  later  Cretaceous 
age  in  the  West,  the  evidence  points  to  its  pre-Montana  age. 

Nothing  has  been  said  in  the  foregoing  pages  of  the  probable  European  equivalents  of  these 
floras — a  most  fascinating  as  well  as  a  most  difficult  problem.  It  is  well  not  to  be  dogmatic 
until  the  associated  faunas  are  critically  studied,  and  even  then  a  close  parallelism  between 
areas  as  remote  as  the  opposite  shores  of  the  Atlantic  is  lyirdly  to  be  expected.  Nevertheless, 
the  sequence  of  events  in  both  the  Lower  and  the  Upper  Cretaceous  furnishes  certain  broad 
similarities,  and  some  correlations,  though  they  are  necessarily  approximate,  appear  to  be 
justified. 

In  the  European  Upper  Cretaceous  section  Cenomanian  floras  appear  in  Portugal,  France, 
Germany,  Bohemia,  Dalmatia,  and  elsewhere.  The  Turonian  has  few  fossil  plants,  the  largest 
floras  being  those  of  Bohemia  and  southern  France,  which  have  perhaps  a  score  of  species.  The 
Emscheriaa  furnishes  a  more  representative  flora,  principally  from  Germany,  Bohemia,  the 
Tyrol,  and  other  scattered  localities  in  Austria.  As  regards  the  classic  American  L'pper  Cre- 
taceous section  of  Meek  and  Hayden,  it  has  been  customary  to  correlate  the  Dakota  sandstone 
with  the  Cenomanian,  the  Colorado  group  with  the  Turonian,  and  the  ilontana  group  with  the 
Senonian.  In  a  study  of  the  northern  Coastal  Plain  the  writer  has  found  good  grounds  for 
considering  the  Raritan  formation  to  represent  part  cf  the  Cenomanian.'  The  Magothy  has 
also  been  referred  at  various  times  to  this  epoch,  the  Matawan  to  the  Turonian,  and  the  Mon- 

i  Berry,  E.  W.,  Jour.  Geology,  vol.  is,  1010,  pp.  252-258. 
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mouth  to  the  Senonian.  More  recently  Weller  has  suggested  that  the  Magothy  and  the  Matawan 
are  also  to  be  correlated  with  the  Senonian.  The  writer  does  not  purpose  to  discuss  the  faunal 
evidence  in  this  connection,  for  others  are  better  qualified  to  do  that  work.  It  becomes,  however, 
a  paleobotanic  question,  for  in  the  Black  Creek  formation  of  North  Carolina  the  Matawan 
fauna  is  found  associated  wath  the  Magothy  flora,  as  indeed  it  is  to  a  considerable  extent  in  the 
Magothy  formation  in  the  New  Jersey  area.  In  a  recent  discussion  of  the  correlation  of  the  Black 
Creek  formation  of  North  Carolina,  Clark  >  has  correlated  it  with  the  combined  Magothy  and 
Matawan  formations  of  New  Jersey  and  has  suggested  that  it  may  represent  the  European 
Turonian,  the  lower  lunit  of  the  Senonian  equivalents  in  the  eastern  United  States  being  marked 
by  the  introduction  of  the  Belemnitella  americana  fauna. 

The  floral  evidence  is  entirely  favorable  to  this  interpretation,  which  would  involve 
consideration  of  the  Dakota  sandstone  and  the  overlying  Benton  as  of  Turonian  age.  There 
can  be  no  question  in  the  mind  of  anyone  competent  to  judge  the  evidence  that  these  eastern 
floras  from  Georgia  nortliward  are  closely  allied  to  the  Dakota  flora  and  markedly  distinct  from 
any  described  floras  of  the  Montana  group.  The  accompanying  table  of  distribution  shows  the 
occurrences  of  fossil  plants  in  Georgia  and  their  range  elsewhere,  and  furnishes  a  graphic  summary 
of  the  preceding  discussion. 

Distribution  of  Upper  Cretaceous  plants  in  Georgia  and  their  range  elsewhere. 
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THE  MIDDLE  EOCENE  FLORA  OF  GEORGIA. 
INTRODUCTION. 

Tills  paper  gives  a  preliminary  account  of  a  small  flora  collected  from  the  middle  Eocene 
of  Georgia.  This  flora,  though  containing  only  a  few  species,  is  of  exceptional  interest  in  the 
biologic  problems  wliich  it  suggests  and  is  likely  to  prove  of  considerable  geologic  value  in  the 
study  of  the  Gulf  Eocene,  the  fossil  plants  of  wliich  are  to  a  large  extent  unknown  to  science. 
No  fossil  plants  have  previously  been  described  from  any  of  the  formations  of  the  Coastal 
Plain  in  the  State  of  Georgia,  although  plant  remains  are  present  in  both  the  Cretaceous  and 
the  Tertiary  rocks.  The  only  pubhshed  records  of  Tertiary  plants  from  this  area  known  to 
the  writer  refer  to  two  of  the  locahties  described  in  the  following  pages. 

From  the  Fiske  property  McCaUie,'  on  the  authority  of  F.  H.  Knowlton,  recently  enu- 
merated: "A  palm  near  to  the  living  Sabal  adansoni,  Castanea  resembling  Castanea  dentata, 
Quercus  sp  ?,  Ficus  sp.  ? " 

From  the  locaHty  south  of  Macon  on  the  Macon-Marion  pubUc  road,  the  same  author^ 
mentions  "several  species  of  fossil  leaves."  None  of  these  collections,  however,  has  previously 
received  critical  study,  and  in  fact  no  definite  floral  remains  have  ever  been  recorded  from 
deposits  of  Claiborne  age  anywhere  throughout  the  teriitory  in  which  it  outcrops.  Fossil 
plants  are  said  to  occur  in  the  Claiborne  of  Alabama  at  two  localities,  but  so  far  as  the  writer 
can  ascertain  no  collections  have  ever  been  made  from  either  of  these.  At  the  classic  type 
locality  at  Claiborne  Landing  on  Alabama  River,  near  the  top  of  the  celebrated  "Claiborne 
sands,"  there  is,  according  to  Smith  and  Langdon,^  a  lens  of  laminated  gray  clay  with  leaf 
impressions,  and  bands  of  hgnite  are  said  also  to  occur  in  these  same  beds.  Langdon  *  also 
records  Ugnitic  sandy  clays  fuU  of  fossil  leaves  on  Conecuh  River,  in  southern  Alabama. 

The  upper  fonnation  (Yegua  or  "Cockfield")  of  the  Claiborne  group  in  the  southern 
Arkansas  and  northern  Louisiana  area  is  said  by  both  Harris  and  Veatch  to  contain  numerous 
plant-bearing  and  lignitic  beds.  It  seems  certain  that  when  the  Claiborne  deposits  of  the 
Mississippi  embayment  are  studied  in  greater  detail  a  considerable  flora  will  be  discovered. 

GEOLOGY   OF  THE   MIDDLE  EOCENE. 

The  Claiborne  group  of  Georgia  reaches  its  greatest  exposed  development  in  a  belt  extending 
from  Savannah  River  on  the  northeast  to  Ocmulgee  River  on  the  southwest.  Beyond  the 
Ocmulgee  it  is  deeply  buried  by  the  transgression  of  the  Vicksburg  and  Jackson  formations 
and  is  exposed  only  along  Chattahoochee  River  south  of  Fort  Games  ^  and  along  Flint  River, 
where  Veatch  and  Stephenson  have  discovered  Claiborne  fossils  at  Penny  Bluff,  west  of  Americus. 
This  northeastern  belt  is  10  to  30  miles  in  width,  and  is  the  only  area  of  interest  in  the  present 
connection,  because  it  contains  the  only  known  Eocene  plants  in  the  State.  The  materials  con- 
sist of  heavy  beds  of  sand,  in  many  places  indurated  and  pebble-bearuig,  extensive  lenses  of  porous 
laminated  clays  with  some  local  limestones  and  marls,  and  in  some  places  lignitic  deposits. 
In  general  the  clays  represent  deposition  in  the  early  part  of  Georgia  Claiborne  time."  They 
are  light  in  color  but  are  in  many  places  iron-stained.  They  are  laminated  or  thinly  bedded 
with  films  of  fine  light  sand,  and  commonly  contain  impure  calcareous  nodules  and  thin  layers 
of  soft  limestone  of  small  areal  extent.  These  clays  are  more  or  less  continuous  from  Augusta 
southwestward  to  Twiggs  and  Bibb  counties.     Immediately  above  the  clays,  and  replacing 

1  McCalUe,  S.  W.,  Underground  waters  of  Georgia:  Bull.  Geol.  Survey  Georgia  No.  15, 1908,  p.  336. 

2  Idem,  p.  347. 

3  Report  on  the  geology  of  the  Coastal  Plain  of  Alabama,  1S94,  pp.  126, 129. 
<  Idem,  p.  387. 

6  McCaUie,  S.  W,,  op.  cit.,  p.  33. 

« The  Georgia  Claiborne,  in  the  light  of  later  studies  of  the  fossil  plan'.s  collected  in  Alabama,  Mississippi,  and  Louisiana,  appears  to  represent 
the  upper  Claiborne  of  the  complete  Gulf  section. 
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them  in  some  areas,  are  heavy  beds  of  iron-stained  sands,  which  are  in  many  places  saHcified 
and  fossiliferous,  and  which  show  very  commonly  toward  their  upper  limits  phases  of  sandy 
fossiliferous  marl,  as  at  Shell  Bluff,  ia  Burke  County. 

The  thickness  of  the  Claiborne  group  in  Georgia  is  placed  between  300  and  500  feet,  divided 
into  Barnewell  sand  above  and  the  McBean  formation  below.  The  fossil  plants  come  from  the 
basal  part  (Congaree  clay  member)  of  the  McBean  forination. 

The  Claiborne  in  Georgia  generally  rests  with  marked  unconformity  upon  the  Cretaceous, 
locally  transgi-essing  those  rocks  and  resting  on  the  eroded  surface  of  the  crystalline  rocks  of 
the  piedmont.  It  is  overlain  by  the  Vicksburg  and  Jackson  formations  or  by  the  surficial 
deposits  of  the  Lafayette?  and  later  formations.  Most  of  the  fossil  plants  enumerated  ia  the 
following  pages  were  collected  in  the  vicinity  of  Grovetown,  in  Columbia  County,  15  miles 
west  of  Augusta  on  the  Georgia  Railroad.  The  Claiborne  deposits  in  this  region  occupy  a  pre- 
Claiborne  estuary  deeply  eroded  in  the  imderlying  Cretaceous  si.uface,  outcropping  as  a  narrow 
tongue  only  2  or  3  miles  in  width  and  extending  to  the  northwest  from  the  main  body  of  the 
Claiborne  deposits  in  Richmond  County  a  distance  of  about  18  miles. 

The  stratigi-aphic  relations  are  well  illustrated  by  the  diagrammatic  section  (fig.  9)  of  the 
plant-bearing  horizon  in  Phioizy  Gully.  This  gully  extends  in  an  approximately  east-west 
direction  about  1  mUe  east  of  the  Grovetown  railroad  station  and  was  formerly  used  by  the 
Augusta-Wrightsboro  wagon  road,  long  since  abandoned.  The  east-west  line  in  the  figure 
marks  the  bed  of  the  gully.     The  Eocene  clay  is  laminated  with  fine  sand  partings  and  local 

layers  of  comminuted  lig- 
nite, and  contains  scat- 
tered leaf  impressions 
and  casts  of  Modiolus  and 
small  Pelecypoda.  Most 
of  the  leaf  impressions, 
which  are  nowhere  abun- 
dant, carry  only  sufficient 
carbonaceous  matter  to  form  a  very  light  tan  impression,  which  furnishes  beautiful  speci- 
mens of  good  lasting  qualities,  their  preservation  being  endangered  only  by  the  usually  great 
shrinkage  of  the  clay  in  diying. 

Eastward  up  the  gvdly,  some  50  or  60  feet  beyond  the  plant  locality,  appear  abruptly  the 
light-colored  coarse  gravelly  arkosic  sands  of  the  Lower  Cretaceous.  These  become  argillaceous 
in  their  upper  part  and  rise  10  to  15  feet  above  the  Eocene  surface,  and  deposits  of  both  ages 
are  overlain  in  the  sides  of  the  gidly  by  a  thin  covering  of  Pleistocene  and  Recent  deposits,  the 
whole  furnishing  an  exceptionally  fine  example  in  small  compass  of  an  erosional  unconformity. 
The  plant  locality  known  as  the  Fiske  property  contains  several  small  pits,  the  principal 
opening  being  just  east  of  the  Grovetown  railroad  station  along  the  Georgia  Railroad.  It  was 
formerly  worked  and  the  product  marketed  as  a  fuller's  earth,  but  it  has  been  idle  for  some  time. 
At  the  time  of  the  writer's  visit  the  sides  had  slumped  a  great  deal  and  the  pit  was  full  of  water.- 
The  laminated  clay  appears  again  along  the  railroad  in  a  low  cut  a  short  distance  north  of  the 
station,  where  it  contains  imidentifiable  fragments  of  leaves.  About  IJ  miles  southwest  of 
Grovetown  station  and  one-half  mile  west  of  the  railroad  track  recent  erosion  exposes  the 
laminated  clays.  At  this  locality  indistinct  invertebrate  impressions  and  fragments  of  Acros- 
tichum,  too  poor  to  be  worth  collecting,  were  observed.  That  remains  of  the  vegetation  of  the 
Claiborne  are  not  everywhere  imcommon  is  shown  at  a  locality  3A  miles  south  of  Grovetown, 
known  as  the  Chapman  lignite  mine.  At  this  locality  about  10  feet  of  black,  compact,  earthy 
lignite,  filled  with  trunks  and  limbs  of  trees,  is  exposed  beneath  pinkish  clays  and  coarse  Eocene 
sands.  The  base  of  the  lignite  is  not  exposed  and  its  thickness  or  horizontal  extent  is  unknown. 
It  is  by  far  the  largest  known  lignitic  deposit  in  the  State,  reminding  the  observer  of  the  Upper 
Cretaceous  and  Eocene  lignite  beds  of  the  far  West  or  those  of  the  Wilcox  group  in  the  Missis- 
sippi embayment.  Specimens  of  wood  from  these  deposits  were  found,  when  prepared  for 
microscopic  examination,  to  have  undergone  too  much  decay  before  entombment  to  permit 


Figure  9.— Dia^aramatic  geologic  section  of  Phinizy  Gully. 
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of  identification  except  to  the  extent  that  they  were  dicotyledonous — a  fact  worthy  of  comment 
for  in  the  recent  coal  work  in  the  western  lignitic  areas  it  has  been  found  that  the  recognizable 
hgnites  are  nearly  all  of  coniferous  origin,  although  the  enormous  number  of  dicotyledonous 
leaf  impressions  m  the  surrounding  clays  effectually  testify  to  the  abundance  of  this  class  of 
plants  during  the  formation  of  the  lignite  beds. 

Two  other  plant  localities  remain  to  be  mentioned.  One  is  represented  by  a  single  speci- 
men obtained  in  digging  a  well  near  Poplar  Church,  13  J  miles  west  of  Sandersville,  m  Washington 
County.  The  second  is  on  the  Macon-Marion  pubHc  road,  10  miles  south  of  Macon,  in  Twiggs 
County,  at  the  old  Thorpe  place.  Here  there  is  an  exposure  of  nearly  100  feet  of  the  "fuller's 
earth,"  overlain  by  50  feet  of  red  argillaceous  sand.  The  clay  is  less  thinly  bediled  at  this 
locaUty,  but  the  tliin  seams  of  comminuted  leaves  are  exactly  lilie  those  seen  at  Pliinizy  Gully, 
and  the  identifiable  leaf  remains  are  scattered  irregularly  in  the  same  way  but  are  less  common. 

The  Claiborne  deposits  near  Hephzibah,  in  Richmond  County,  contain  fragments  of  leaves 
and  numerous  knpressions  of  twigs  and  small  stems,  but  the  writer  was  unable  to  identify 
anything  at  this  locality.  It  was  also  impossible  to  identify  any  of  the  poorly  preserveil  leaf 
impressions  of  a  small  collection  made,  recently  by  Otto  Veatch,  of  the  Geological  Survey  of 
Georgia,  on  the  Fort  Gaines-Edison  public  road,  2|  miles  east  of  Fort  Games,  in  Clay  County. 

The  species  identified  from  all  the  known  plant-bearing  Claiborne  outcrops  in  Georgia  are 
brought  together  in  the  following  table : 

Distribution  of  the  Claiborne  flora  in  Georgia. 


Fiske  property, 
Grovetown. 

Phinizy  Gully, 
near  Grove- 
town. 

10  miles  south 
of  Macon. 

Poplar  Church. 

Acrostichum  georgianum. 

X 
X 

Arundo  pseud  ogoepperti 

X 

Castanea  claiboraensis 

X 
X 

X 
X 

(?) 
X 
X 
X 
X 

DodoDEEa  viscosoides 

Ficus  claiboraensis 

Malapoenna  sp 

Mimosit.p?!  gporgnanii<? 

X 

X 

Pisoniarlaibonipnsis 

(?) 

Pistia  claiboraensis 

X 

X 
X 
X 

X                         X 

X 
X 
X 

X 

X 

! 

1 

A  considerable  fauna  is  listed  from  the  various  outcrops  by  McCaUie,'  the  determinations 
bemg  by  Vaughan  and  DaU.  Invertebrates  have  been  found  closely  associated  with  the  plant 
remains  at  several  points.  Tlie  smaller  figured  specimen  of  Tlirinax  contains  several  impressions 
of  Modiolus  and  small  pelecypod  shells,  and  one  of  the  best  specimens  of  Acrostichum  is  partly 
hidden  by  a  Modiolus  valve.  The  collections  from  the  Fiske  property  include  the  following 
invertebrates : ' 


Turbinella  (Psilocochlis)  mccalliei  Dall. 
Calyptrea  aperta  Solander. 
Nucula  maguifica  Conrad. 
Nucula  ovula  Lea. 
Leda,  2  sp. 


Ostrea  sp. 

Modiolus  texanus  Gabb. 
Modiolus  alabamiensis  Aldricli? 
Cytherea  ovata  var.  greggi  Harris. 
Balanus  sp. 


From  the  plant  locaHty  on  the  Macon-Marion  public  road  the  following  invertebrates  are 
recorded : ^ 

Nucula  ovula  Lea. 
Crassatellites  protexta  Conrad. 
Diplodonta  sp. 


1  McCallie,  S.  W.,  op.  cit.,  pp.  336-348. 


'Idem,  p.  336  (identified  by  Vaughan). 


'Idem,  p.  347  (identified  by  Vaughan). 
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From  the  well  near  Poplar  Church  which  furnished  a  leaf  of  RTiizophora  eocenica  the  follow- 
ing invertebrates  are  recorded : ' 

Nucula  ovTila  Lea. 
Glycymeria  trigonella  Conrad. 
Osf  rea  alabamiensis  Lea. 
Modiolus  a£f.  texanus  Gabb. 

As  already  stated,  the  Claiborne  has  a  very  considerable  areal  extent  outside  the  region 
considered  in  this  report;  in  fact  it  is  one  of  the  most  extensively  developed  groups  of  marine 
beds  in  the  Coastal  Plain  and  is  certamly  the  most  extensive  post-Cretaceous  group,  for  it  has 
a  known  extension  from  the  Rio  Grande  on  the  south  to  the  Carolinas  and  probably  to  ]\Iary- 
land  on  the  north.  Its  extremely  fossUiferous  character  early  attracted  attention,  and  a  study 
of  collections  of  invertebrate  remains  from  a  local  development  of  beds  of  this  age  at  Claiborne 
Landing  on  Alabama  Eiver  enabled  Conrad  in  1835  to  prove  the  presence  of  Eocene  beds  in  the 
Gulf  Coastal  Plam.  Tlie  name  Claiborne  as  at  present  understood  is  applied  to  a  larger  unit 
as  a  group  term.  Plant  remains  are  present  in  some  of  the  more  argillaceous  members  at  the 
type  locality  on  Alabama  Eiver,  but  these  have  never  been  collected.  Tlie  comparison  of  this 
flora  with  that  of  the  Georgia  Eocene  would  prove  a  most  interesting  and  valuable  study. 

The  shore  line  was  not  stationary  during  Claiborne  time,  for  considerable  oscillation  is 
indicated  in  the  change  from  marine  to  estuarine  sedimentation  in  the  Mississippi  embayment 
region.  The  Eocene  Gulf  Stream  was  no  doubt  a  large  factor  in  the  northward  extension  of  the 
southern  flora  which  occurs  at  Grovetown.  With  the  recession  of  the  sea  as  Eocene  time 
progressed  and  the  emergence  of  the  Florida  area  in  the  Miocene,  this  warm  current  would 
be  deflected  somewhat  to  the  east.  Considerable  evidence  has  been  set  forth  by  Dall,  and 
more  recently  by  Vaughan,  for  the  existence  of  a  cooler  inshore  current  in  the  middle  Miocene. 

With  regard  to  tlie  existence  of  land  to  the  southward  little  is  knowm.  Tlie  vertebrate 
paleontologists,  notably  Osborn,  insist  on  a  late  Cretaceous  or  early  Eocene  land  connection 
with  South  America  to  account  for  the  mammalian  fauna  of  the  Notostylops  beds  of  Patagonia 
and  the  presence  of  Edentata-Dasypoda  in  the  North  American  middle  Eocene.  Corroborative 
evidence  is  fm-nished  by  the  appearance  of  the  flora  of  the  Dakota  sandstone  m  Argentma, 
although  this  land  comiection  is  vigorously  denied  by  other  students. 

In  any  event,  the  Georgia  Eocene  flora  need  not  be  'supposed  to  have  migrated  from  equa- 
torial South  America.  It  undoubtedly  flourished  during  the  whole  of  the  Tertiary  all  along 
the  then-existing  coast  from  the  Mexico-Central  America  region  to  the  Georgia  occurrence. 

SYSTEMATIC   DESCRIPTION   OF  THE  FLORA. 

Phylum  THALLOPHYTA. 

Order  PYKENOMYCETES. 

Genus  SPBLffiRITES  TJnger. 

SPHiERITES    CLAIBORNENSIS    sp.  nOV. 

Plate  XXIV,  figure  6. 

Descnption. — Perithecia  smaU  and  numerous,  arranged  in  elevated  rings  1  to  1.5  millimeters 
in  diameter  on  the  upper  surface  of  the  leaves  of  Ficus. 

Large  numbers  of  fungi  of  this  sort  have  been  described  by  European  paleobotanists,  chiefly 
from  Tertiary  horizons,  and  referred  to  the  genera  SpTiseria  Haller  or  Sphxntes  Unger.  They 
possess  httle  biologic  interest  except  m.  so  far  as  they  indicate  the  presence  of  this  class  of  plants 
in  various  bygone  floras,  and  American  paleobotanists  have  usually  ignored  them  entirely. 

The  present  species  is  similar  to  Sphserites  myricse  (Lesquereux)  Meschinelli,-  from  the 
Green  River  formation  of  Wyoming,  a  form  which  occurs  on  leaves  of  a  species  of  Myrica,  and 

1  McCallie,  S.  W.,  op.  cit.,  p.  343  (identified  by  Vaughan).  2  Lesquereu.x,  Leo,  The  Tertiary  flora,  1878,  p.  34,  PI.  I,  fig.  4. 
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to  Sphserites  nennsequus  Fritel/  from  the  Sparnacian  of  the  Paris  Basm,  a  type,  somewhat 
smaller  than  the  Georgia  form,  wliich  occurs  on  the  leaves  of  a  species  of  Lauracese. 

Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group),  Fiske 
property,  Grovetown,  Columbia  County,  10  miles  south  of  Macon,  Twiggs  County.  (Collected 
by  E.  W.  Berry.) 

Collection. — U.  S.  National  Museum. 

Phylum  PTEKIDOPHYTA. 

Order  FILICALES. 

Family  POLYPODIACEai. 

Genus  ACROSTICHtTM  Limie. 

ACROSTICHUM    GEORGIANUM    Sp.  UOV. 

Plate  XXVII,  figure  1. 

Description. — Frond  large,  puuiatc  (?).  Pinnse  thin  but  coriaceous,  oblong-lanceolate, 
inequilateral,  with  an  entire  undulatmg  margin,  an  obtusely  rounded  apex,  and  a  narrowed  (?) 
base,  about  2.5  centimeters  in  width  and  of  unkiiowai  length,  presumably  about  10  to  12  centi- 
meters. The  pinnae  may  have  been  considerably  larger  than  is  here  mdicated,for  all  the 
collected  material  is  fragmentary  and  in  some  of  the  fragments  the  thin  stiff  edges  are  folded 
over,  mdicating  a  possible  greater  width.  Midvems  stout.  Lateral  veins  numerous,  1  milli- 
meter or  less  apart,  very  fine  intricately  anastomosing,  branching  from  the  midvein  at  acute 
angles,  the  angle  dependent  on  their  situation  in  the  basal  or  apical  part  of  the  pinna.  The 
basal  veins  subtend  angles  of  about  60°;  those  in  the  apex  approach  a  position  almost  parallel 
with  the  midvein;  and  the  intermediate  ones  branch  at  a  very  acute  angle  and  unmediately 
diverge  outward,  then-  general  direction  being  about  50°  from  that  of  the  midvein.  Areolation 
of  slightly  elongated,  5  or  6  sided  meshes. 

What  appear  to  be  fragments  of  the  fertile  pmnsi  of  this  species  occur  at  the  locality  10 
miles  south  of  Macon,  but  they  are  too  uncertain  to  bo  even  tentatively  identified  as  such  and 
are  not  mcluded  among  the  occurrences  of  this  species  hsted  herewith.  Nevertheless  the 
fragments  are  so  suggestive  of  this  species  that,  if  sterde  pmnse  had  been  found  at  the  same 
locahty,  the  writer  would  not  hesitate  to  class  them  as  fragments  of  fertile  pinna?. 

This  handsome  species  is  unfortunately  based  on  fragments,  the  largest  bemg  that  figured. 
There  are  eight  such  specimens  from  the  Phinizy  Gully  locahty,  one  partly  concealed  by  a  valve 
of  Modiolus.  Still  smaller  fragments  showing  the  characteristic  areolation  were  noticed  at 
other  outcrops  in  the  vicinity  of  Grovetown. 

The  species  is  closely  related  to  AcrosticJium  Jiesperium  Newbeny,^  of  the  Green  River 
formation  of  Wyoming,  difl'ermg  from  it  in  bcmg  somewhat  more  slender  in  habit  and  in  having 
straighter  midveins  and  less  elongate,  fhier  areolation.  There  is  no  evidence  of  the  coalescence 
of  the  terminal  pinnfe,  a  feature  which  serves  to  distinguish  Newberry's  species  from  all  other 
described  fossil  species  of  Acrostichum. 

A  similar  form  is  the  European  Acrostichum,  {CTiry sodium)  lanzseanum  Gardner  and  Ettrngs- 
hausen,^  described  at  length  by  Gardner  and  common  in  the  Lutetian  and  Bartonian  of  southern 
England.  TVTiat  appear  to  be  identical  remains  are  reported  from  the  Ligurian  of  Dalmatia 
and  southern  Franch,  from  the  Tongrian  of  France  and  Italy,  and  more  doubtfully  from  the 
Ypresian  of  France.  Another  species  is  reported  by  Saporta  from  the  Aquitainan  of  southern 
France,  and  Squinabol  reports  two  additional  species  from  the  Tongrian  of  Liguria,  Italy. 

Another  American  species  of  Upper  Cretaceous  or  lower  Eocene  age  was  described  in  1902 
by  Holhck*  from  Colorado.     In  this  connection  mention  should  also  be  made  of  a  fern  from 

1  Fritel,  P.  H.,  Him.  Soc.  g&l.  France,  vol.  40, 1910,  p.  13,  PI.  I,  fig.  H. 

s  Newbeny,  J.  S.,  The  later  extinct  floras  of  North  .\merica:  Mon.  V.  S.  Geol.  Survey,  vol.  35, 189S,  p.  6,  PI.  LXI,  figs.  2-5. 

s  British  Eocene  flora,  pt.  1, 1S7(I,  p.  2li,  Pis.  I  and  II,  figs.  I^. 

'  Torreya,  vol.  2, 1902,  p.  146,  PI.  TV,  figs.  3-6. 
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Sand  Creek,  Colo.,  described  by  Lesquereux '  as  Gymnogramma  gardneri,  which  both  Gardner 
and  Saporta  are  inclined  to  consider  an  Acrostichum.  This  fern  is  of  Upper  Cretaceous  or 
basal  Eocene  age. 

The  modern  species  of  Acrostichum  are  swamp  forms.  They  are  few  in  number  and  include, 
in  addition  to  several  unimportant  species  of  the  Lesser  Antilles  and  West  Indits,  the  widespread 
tropical  fern,  Acrosticlium,  (Chrysodium)  aureum  Linne,  a  common  coastal  species  of  mangrove 
and  nipa  swamps  and  similar  situations,  more  particularly  on  the  dryer  and  loss  saline  soils, 
which  ranges  in  America  from  Bermuda  and  peninsular  Florida  to  Brazil,  in  Africa  from  Guinea 
to  Natal  and  the  Mascarene  and  Seychelles  islands,  and  in  the  Orient  from  southern  China  and 
Polynesia  to  northern  Australia.  It  is  remarkalile  that  tliis  cosmopohtan  modern  genus  should 
appear  about  the  same  time  in  America  and  Europe  and  display  a  number  of  closely  allied 
forms  at  widespread  locahties  in  both  the  Eocene  and  Ohgocene,  and  yet  not  be  detected  at  any 
of  the  numerous  outcrops  of  later  Miocene  or  Pliocene  plant-bearing  deposits.  Undoubtedly 
this  southward  retreat  from  latitude  51°  north  is  to  be  explained  by  changing  physical 
conditions,  chief  among  which  were  lessening  humidity  and  lowering  temperature. 

Occurrence. — Congaree  c^ay  member  of  McBean  formation  (of  Claiborne  group),  Phinizy 
Gully,  Columbia  County.     (CoUected  by  E.  W.  Berry.) 

Collection. — U.  S.  National  Museum. 

Phylum  SPERMATOPHYTA. 

Class  ANGIOSPERMa;. 

Subclass  MONOCOTYLEDON.a;. 

Order  PC  ALES. 

Family  POACEiE. 

Genus  ABUrNDO  Linne. 

Arundo  pseudogoepperti  sp.  nov. 

Plate  XXIV,  figure  7. 

Arundo  goepperti?  Munster,  in  Lesquereux,  Ann.  Kept.  U.  S.  Geol.  and  Geog.  Survey,  Terr.,  1871,  suppl.,  p.  5. 
Arundo  goeppertif  Munster,  in  Lesquereux,  The  Tertiary  flora,  1878,  p.  86,  PI.  VIII,  figs.  3-5. 

Description. — Lesquereux  in  1871  and  again  in  1878  referred  several  fragments  of  leaves 
and  striated  stems  of  grasslike  form  found  in  the  Green  River  formation  to  the  well-known 
European  species  Arundo  goepperti.  These  fragments  agree  fairly  well  with  the  European 
material,  but  when  it  is  considered  that  remains  of  this  kind  have  little  to  distinguish  them 
specifically,  and  that  these  American  forms  are  so  far  removed  geographically  from  the  type 
forms  and  occur  at  a  horizon  invariably  of  considerably  greater  age,  the  propriety  of  con- 
sidering them  distmct  is  obvious. 

A  number  of  fragments  from  Phmizy  Gully  are  referred  to  this  species,  one  of  the  best, 
although  not  the  largest,  bemg  figured.  The  most  that  can  be  said  of  their  botanic  relationship 
is  that  they  represent  large  marsh  grasses  analogous,  if  not  intimately  related,  to  the  modern 
genus  Arundo,  to  which  they  are  referred  as  a  matter  of  convenience  and  long  standmg  usage 
rather  than  because  of  any  very  definite  proof  of  this  relationship. 

In  his  elaboration  of  the  Green  River  flora  Lesquereux  has  described  an  additional  but 
similar  species,  Arundo  reperta,'  and  other  remams  which  he  refers  to  Phragmites.  It  is  quite 
possible  that  some  of  these  remains,  especially  those  named  Arundo  reperta,  are  referable  to 
the  present  species. 

The  modern  species  of  Arundo,  which  number  about  six,  are  distributed  throughout  the 
warmer  countries  of  the  world.  This  species  and  the  origmal  Arundo  goepperti  are  usually 
compared  with  the  modern  Arundo  donax  Linne,  which  is  indigenous  to  the  Mediterranean 
region  and  which  grows  in  wet  places. 

1  The  Tertiary  flora,  1878,  p.  58,  PI.  IV,  flg.  2.  >  The  Tertiary  flora,  1878,  p.  87,  PI.  VIII,  figs.  6-8. 
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Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group),  Phinizy 
Gully,  Columbia  County,  10  miles  south  of  Macon,  Twiggs  County.  (Collected  by  E.  W. 
Berry.) 

Collection. — U.  S.  National  Museum. 

Order  NAIADALES. 

Fanuly  NAIADACEffi. 

Genus  POTAMOGETON  Liime. 

POTAJHOGETON    MEGAPHYLLUS    sp.  ROV. 

Plate  XXVII,  figure  2. 

Description. — Leaf  ovate-lanceolate  in  outline,  S  or  9  centimeters  in  length  by  .3.6  centimeters 
in  greatest  width,  which  is  in  the  basal  half  of  the  leaf.  Ape.x  not  seen,  but  the  margms  converge 
abruptly  apically,  so  that  it  was  rather  obtusely  or  acutely  ponited.  Base  rounded.  Veins 
numerous,  about  1  milluneter  apart,  unbranched,  aerodrome.  Midrib  not  differentiated. 
Transverse  vemlets  not  visible.     Texture  apparently  thin  and  firm. 

The  present  species  resembles  a  number  of  fossil  fonns  of  undetermined  botanic  affinity 
such  as  Srnilacina  rachiana  Pilar,^  of  the  later  Tertiary  of  Europe.  It  comes  closest,  however, 
to  the  leaves  from  Trocadero  in  the  Eocene  of  the  Paris  basin  (Lutetian),  referred  by  Saporta^ 
to  the  genus  Ottelia  Pers  (Hydrocharitacese) ,  but  described  origuially  as  a  species  of  Potamogeton 
by  both  Brongniart  ^  and  Watelet  *  and  referred  by  Bureau  to  the  genus  Monochoria  of  the 
Pontederiacese. 

Between  30  and  40  fossil  species  have  been  referred  to  this  genus,  none  of  which  appear  to 
be  identical  with  the  Georgia  form.  They  range  in  age  from  the  Arctic  Senonian  through  the 
Eocene,  Oligocene,  Miocene,  and  Pliocene  to  the  Pleistocene,  several  stiU  existing  species  being 
recorded  from  the  latter,  both  in  this  country  and  abroad. 

The  modern  species  number  more  than  60  and  occur  both  in  the  tropics  and  in  the  tem- 
perate zone,  with  a  larger  representation  in  the  latter.  The  species  generally  have  a  wide, 
many  a  cosmopolitan  range,  a  single  species  commonly  extending  over  a  great  many  degrees 
of  latitude;  for  example,  Potamogeton  perfoliatus  Linne  extends  over  more  than  20  degrees 
of  latitude  in  America,  from  Newfoundland  and  British  Columbia  to  Florida  and  California,  and 
also  occurs  in  Europe  and  Asia.  It  is  an  mteresting  fact  that  all  the  wide-rangmg  species 
extend  into  both  comparatively  high  and  low  latitudes,  whereas  species  of  more  restricted 
range,  such  as  Potamogeton  Jloridanus  Small  and  Potamogeton  curtissii  Morong,  of  Florida,  are 
commonly  confined  to  warmer  regions. 

This  condition  may  be  taken  to  mdicate  either  that  species  confined  to  low  latitudes  in 
the  existing  flora,  or  their  immediate  ancestors  in  more  ancient  floras,  had  origmally  a  much 
wider  range  than  now,  or  that  the  modern  wide-ranging  species  have  greatly  extended  their 
range  in  recent  times.  The  writer  inclines  to  accept  the  latter  supposition,  although  it  is  weU 
known  that  the  majority  of  aquatics,  both  animal  and  plant,  are  little  influenced  even  by  rather 
wide  differences  in  latitude. 

A  fossil  species  of  about  the  same  size  as  the  Claiborne  species  but  with  a  more  open  vena^ 
tion  has  been  described  by  Heer  from  the  Tertiary  of  Spitzenbergen  as  Potamogeton  nordens- 
Tcioldi.^  Both  this  form  and  the  Georgia  species  probably  represent  floating,  not  emerged  or 
submerged,  leaves. 

Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group),  Phinizy 
Gully,  Columbia  County.     (CoUected  by  E.  W.  Berry.) 

Collection. — U.  S.  National  Museum. 

'  Pilar,  A.  G.,  Flora  fossilis  susedana,  1S83,  p.  13,  PI.  Ill,  fig.  S. 

2  Le  monde  de.s  plantes,  1879,  p.  227,  f.  45. 

>  Tableau,  1S49,  p.  115. 

«  Description  des  plantes  fossiles  du  bassin  de  Paris,  1866,  p.  86,  PI.  XXIII,  fig.  1. 

s  Flora  fossilis  arctica,  vol.  1, 1868,  p.  157,  PI.  XXX,  figs,  lb,  5e,  5d,  and  6-S. 
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Order  ARECAUES. 
Family  ABECACEffi  (PALMffi). 

Genus  THRINAX  Linne. 

Thrinax  eocenica  sp.  nov. 

Plates  XXV  and  XXVI,  figure  3. 

Description. — Leaves  orbicular  in  outline,  of  relatively  small  or  medium  size,  indicating 
in  the  collected  material  a  diameter  ranging  from  36  to  60  centimeters  or  more.     Many-cleft, 


Figure  10.— Restoration  of  Tlirinai  t 


'.  Berry.    (About  one-sixteenth  natural  size.) 


the  numerous  rays  carinate,  much  crowded  at  the  obtusely  rounded  end  of  the  rachis,  two 
cleft  distad.  Rachis  considerably  flattened,  smooth,  entirely  unarmed,  1  centimeter  wide  in 
the  smgle  preserved  specimen  of  one  of  the  smaller  leaves.  Ligule  free,  erect,  concave,  incon- 
spicuous. Segments  25  in  number  on  a  small  complete  specimen;  larger  fragments  showing 
about  two- thirds  of  a  leaf  contain  31  rays,  uidicathig  that  the  complete  leaf  was  made  up  of 
about  45  segments.  The  basal  rays  on  each  side  are  somewhat  reduced  m  size  and  entirely  free, 
and  all  the  rays  become  separated  about  two-thirds  of  the  distance  from  their  base.  Prunary 
veins  promment.  Intermediate  veins  very  fine,  five  on  each  side,  something  less  than  a  milli- 
meter apart,  with  very  fine  veinlets  between  them.     (See  fig.  10.) 
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Fossil  palm  leaves  present  few  characters  for  successful  comparison  with  existing  genera; 
hence  the  numerous  fossU  species  of  such  genera  as  Flabellaria,  Sabalites,  and  Geonomites. 
The  Georgia  material  is  for  the  most  part  fragmentary;  the  greater  the  size  of  leaves  that  floated 
into  the  Claiborne  sea  the  more  fragmentary  the  preserved  material.  These  fragments  ure 
very  common  at  the  Phuiizy  GuUy  locality.  The  two  figured  specimens,  by  far  the  best 
obtamed,  are  from  the  Fiske  property  at  Grovetown.  The  larger  is  an  impression;  the  smaller, 
a  most  beautiful  specimen,  has  the  leaf  substance  preserved  and  shows  the  upper  surface  of  the 
frond.  This  locality  was  flooded  at  the  time  of  the  wi-iter's  visit  and  the  workings  abandoned, 
but  laborers  reported  that  palm  leaves  were  frequently  encountered  and  that  some  of  them 
reached  a  diameter  of  3  or  4  feet.  The  present  collections,  though  they  leave  much  to  be 
desired,  are  m  the  sum  of  their  characters  clearly  referable  to  the  genus  Thrinax,  a  determmation 
which  the  writer  made  after  a  careful  comparison  of  the  fossil  leaves  with  those  of  various 
existing  palms  in  the  National  Herbarium  and  in  the  New  York  Botanical  Garden,  and  which 
was  immediately  suggested  by  Dr.  N.  L.  Britton  when  the  photographs  of  these  specimens  were 
submitted  to  him. 

The  present  species  is  clearly  distmct  from  all  the  pahns  described  by  Lesquereux  or 
Newberry  from  the  West,  and  little  is  to  be  gamed  by  more  detailed  compai'ison.  It  is  equally 
distinct  from  the  homotaxial  European  pahu  material,  the  only  material  which  suggests  any 
relationship  bemg  the  leaves  from  the  Ligurian  of  Dahnatia  referred  by  Ettingshausen  '■  to 
Fldbellaria  raphifolia  (Sternberg)  Ettmgshausen.  It  differs,  according  to  the  illustrations 
given  by  this  author  of  the  same  species  in  his  Haring  flora,  m  having  a  long  acumen. 

In  the  modern  flora  Thrinax  has  nine  or  ten  species  in  the  West  Indies  and  Antilles,  three 
of  the  species  bemg  found  on  the  Florida  Keys. 

Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group),  Fiske 
property,  Grovetown,  Columbia  County  (collected  by  S.  W.  McCallie) ;  Phijiizy  Gully  (coUected 
byE.W.  Berry). 

Collection. — U.  S.  National  iluseum. 

Order  ARALES. 

Family  ARACEai. 

Genus  PISTIA  litrne. 

'  PiSTIA    CLAIBORNENSIS    Sp.  nOV. 

.Plate  XXVI,  figures  1  and  2. 

Description. — Leaves  broadly  obovate  with  a  retuse  apex  giving  them  an  obcordate  outline; 
2.5  ceutimeters  in  length  by  2.5  centimeters  in  greatest  breadth.  Base  broadly  cuneate, 
descendmg  to  the  wide  petiole.  Apex  with  a  shaUow,  broadly  rounded  smus.  Venation 
indistmct,  fasciculate,  forming  u'regular  polygonal  meshes  by  repeated  cross  branchmg.  There 
are  mdications  in  the  fossU  of  uitumescence  and  mflation  ui  the  basal  half  of  the  leaf  exactly 
comparable  to  conditions  found  in  the  existmg  species. 

This  species  is  the  first  to  be  discovered  in  the  Tertiary,  and  only  three  Cretaceous  species 
are  known.  It  is  clearly  distuict  from  any  previously  described  fossils,  but  resembles  somewhat 
certain  leaves  of  Pistia  corrugata  Lesquereux  from  the  Montana  group,  differing  from  tliis 
species  in  the  degree  of  apical  retuseness.  It  differs  in  the  same  respect  from  the  leaves  of  the 
existuig  species  seen  by  the  writer,  although  the  older  leaves  of  the  latter  tend  to  a  trmicate 
form  and  are  often  slightly  retuse. 

In  size,  outlhie,  and  venation  this  Eocene  species  is  not  very  different  from  the  modem 
Pistia  stratiotes  Luine,  m  which  species  Engler  (Die  natiiiiichen  Pflauzenfamilieu)  has  miited 
all  the  livuig  representatives  of  the  genus.  The  result  of  Engler's  classification  makes  this  a 
somewhat  variable  and  widely  distributed  species,  in  general  confuied  to  the  tropical  and 
subtropical  zones.     In  this  country  it  is  found  from  Florida  to  Texas.     It  occurs  in  the  West 

1  Denkschr.  K.  Akad.  Wiss.  Wien,  Math.-iiat.  Kl.,  vol.  8, 1855,  p.  12,  Pis.  Ill,  fig.  4;  XH',  fig.  1. 


138  UPPER    CRETACEOUS    AND    EOCENE    FLORAS    OF    SOUTH    CAROLINA    AND    GEOEGM.. 

Indies,  and  southward  through  Mexico  and  Central  America  to  Paraguay  and  Argentina.  In 
Africa  it  occurs  from  Natal  to  Senegambia  and  Nubia,  and  also  in  Madagascar  and  the  Mascarene 
Islands.     In  Asia  it  appears  throughout  the  East  Indies  and  northward  to  the  Philippines. 

Few  fossil  forms  have  been  referred  to  this  genus.  Hosius  and  Von  der  Marck  '■  described 
in  1880  a  form  which  they  called  Pistites  loriformis  from  the  Lower  Senonian  of  Westphalia, 
but  this  is  probably  cycadean,  as  Schimper  suggested.^  Lesquereux  ^  in  1876  named  a  remark- 
ably well-preserved  form  from  Pohit  of  Rocks,  Wyo.,  Pistia  corrugata,  and  later  fuUy  described 
and  illustrated  it,**  his  specimens  includmg  leaves  of  various  sizes  and  rootlets.  This  fossil 
comes  from  beds  belonging  to  the  Montana  group  (Senonian),  which  are  of  about  the  same  age 
as  the  French  beds  from  which  the  only  other  species,  Pistia  mazelii,  was  known.  This  specie 
was  mentioned  and  figured  from  the  lignites  of  Fuveau  (Provence),  France,  by  Saporta  and 
Marion,'  but  has  never  been  adequately  described. 

Recently  the  writer  showed  °  Heer's  Chondrophyllum  nordenskioldi,  described  from  the  Atane 
beds  of  Greenland,  to  be  a  true  Pistia  and  to  be  exceedingly  abundant  m  the  Black  Creek 
formation  of  North  Carolina,  which  is  of  Colorado  (Turonian)  age. 

It  is  significant  as  showing  the  real  imperfection  of  the  geologic  record,  even  of  the  European 
Tertiary,  that  this  widespread  modern  type  ranged  over  at  least  two  contments  durhig  the  Upper 
Cretaceous  and  presumably  had  a  still  wider  range  in  Cenozoic  times,  and  yet  not  a  single 
specimen  has  ever  before  come  to  light  at  any  of  the  thousands  of  localities  where  plant  beds  of 
the  latter  age  have  been  exploited. 

Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group),  Fiske 
property,  Grovetowii,  Columbia  County. 

Collections. — U.  S.  National  Museum. 

Subclass  DICOTYLEDONS. 

Order  FAG  ALES. 

Family  FAGACE^;. 

Genus  CASTANEA  Adanson. 

Castanea  claiboenensis  sj).  nov. 

Plate  XXVIII,  figures  1  and  2. 

Description. — Leaves  oblong-lanceolate  in  outhne,  of  a  thin,  firm  texture,  about  18  or  19 
centimetei's  in  length  by  4.5  centimeters  in  greatest  width,  which  is  about  lialfway  between  the 
apex  and  the  base.  Apex  acununate  (?).  Base  cuneate,  acute.  Margin  coareely  serrate, 
with  sliarp  ascending  teeth  becoming  less  marked  proximad,  the  margin  finally  entire  toward 
the  base  of  the  leaf.  Petiole  and  midrib  stout.  Secondaries  of  medium  size,  numerous,  regular, 
parallel,  and  alternate,  craspedodrome;  they  branch  fi-^m  the  midrib  at  angles  of  about  40° 
and  curve  slightly  upward,  terminating, in  the  marginal  teeth.  The  tertiary  venation,  which 
consists  of  numerous  close-set  and  nearly  straight  transverse  veins,  constitutes  about  the  only 
feature  in  which  these  leaves  differ  fi'om  those  of  our  modern  American  chestnut  Castanea 
dentata  (Mareh)  Borkliausen. 

The  genus  Castanea  is  represented  by  a  fairly  large  number  of  fossil  species,  one  doubtful 
form  occurring  as  early  as  the  Senonian  of  Europe.  In  addition  the  genus  Dryophyllum  Debey, 
often  considered  as  in  part  ancestral  to  Castanea  and  forming  a  Hnk  between  the  latter  genus 
and  Quercus,  has  a  number  of  species  in  the  Upper  Cretaceous  and  "Paleocene." 

Species  of  Castanea  are  found  in  the  Eocene  depo-sits  in  Montana,  Oregon,  Canada, 
Alaska,  Greenland,  France,    Italy,    and    England.     There   are  a  number  of    species  in  the 

'  PaliEotttographica,  vol.  20,  ISSO,  p.  182,  PI.  XXXVIII,  figs.  151,  152. 

"■  Zitlcl's  Handbuch,  1890,  p.  378. 

3  Ann.  Kept.  U.  S.  Geol.  and  Geog.  Survey  Terr.,  1874,  p.  299. 

<  Tertiary  flora,  1883,  p.  103,  PI.  LXI,  flgs,  1,  3-7,  and  9-11. 

<>  L'^volulion  du  rjgne  v^gAale,  Phantogames,  vol.  2,  1885,  p.  37,  flgs.  llic.  and  114d. 

«  Berry,  E.  \V.,  Bull.  Torrey  Bot.  Club,  vol.  37,  1910,  p.  189,  PI.  XXI,  flgs.  1-15. 
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European  Oligocene  and  in  the  Miocene  of  Japan,  Europe,  and  America,  the  latter  inckiding  some 
from  New  Jersey  on  the  east  coast  and  from  Oregon  on  the  west  coast.  No  less  than  eight 
species  have  been  described  fi-om  the  European  PUocene.  These  are  all  very  similar  and  are 
variously  combined  and  segregated  by  different  authors.  They  at  least  indicate  the  abundance 
of  the  chestnut  in  southern  Eurasia  during  preglacial  times. 

The  common  modern  chestnut  of  Europe  (Castanea  imlgaris)  is  recorded  fi-oin  interglacial 
beds  in  northern  Italy  and  France  and  the  modern  chinquajiin  {Castanea  pumila)  is  recorded 
from  the  American  Pleistocene  in  Kentucky  and  West  Virginia. 

Starkie  Gardner  comments  on  the  incongruity  of  Castanea  being  a  member  of  the  warm 
temperate  or  subtropical  Eocene  flora  and  expresses  the  belief  tliat  these  supposed  chestnuts 
are  really  referable  to  the  tropical  genus  Godoj^a  Euiz  and  Pavon  (Ochnacese).  After  a  careful 
comparison  of  the  various  fossil  species  mth  the  fohage  of  this  modern  genus  tlie  wiiter  is  strongly 
of  the  opinion  that  Gardner's  comparison  has  no  actual  basis.  A  review  of  the  possible  evidence 
bearing  on  the  supposed  incongruity  of  Castanea  associated  witli  various  tro])ical  and  subtropical 
genera  indicates  that  the  modern  species  of  chestnut  number  five,  including  Castanea  vulgaris 
Lamarck  of  southern  Europe,  another  species  in  eastern  Asia,  and  throe  sj)ecies  in  America. 
Of  the  latter,  Castanea  nana  Muldenberg  is  found  in  the  sand  hills  and  barrens  of  Georgia  and 
Florida  to  Louisiana.  Castanea  dentata  (Marsh)  Borkliausen  is  found  on  rich,  noncalcareous 
soUs  from  Maine  and  Ontario  to  Miclugan,  Tennessee,  Georgia,  and  Alabama.  In  the  latter 
State  it  occurs  as  far  south  as  Tuscaloosa  County,  where  the  mean  amiual  temperature  is  about 
63°  F.,  as  against  42°  for  Maine  and  about  the  same  for  Ontario,  Canada.  The  hmits  are  21° 
apart,  and  indicate  a  very  wide  actual  range  of  temperature. 

We  find  that  the  aUied  genus  Castanopsis  Spach,  wliich  Prantl '  makes  a  section  of  Castanea, 
although  it  appears  to  be  a  little  nearer  Quercus  than  Castanea,  has  something  hke  25  species, 
mostly  of  southeastern  Asia  and  trajjical  India,  with  one  western  American  species  which  ranges 
fi-om  southwestern  Washington  to  southern  Cahfornia.  The  closely  aUied  genus  Quercus, 
though  primarily  a  temperate  tyi)e,  has  many  strictly  tropical  sjiecies.  These  various  con- 
siderations effectually  dispose  of  any  criticism  of  the  presence  of  Ci\stanea  associated  with 
Thrinax,  Acrostichum,  Pisonia,  and  similar  forms  in  the  Eocene  of  Georgia. 

Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group),  Fiske  prop- 
erty, Grovetown,  Columbia  County.     (Collected  by  S.  W.  McCaUie.) 

Collection. — U.  S.  National  Museum. 

Order  T7RTICALES. 

Family  ULMACEa;. 
Genus  MOMISIA  F.  G.  Dietrich. 
MOMISIA    AMERICANA    sp.  noV. 

Plate  XXVII,  figure  13. 

Description. — Leaf  ovate  in  outline,  6  to  7  centimeters  in  length  by  2.6  centimeters  in  greatest 
width,  wliich  is  in  the  lower  half  of  the  leaf.  Apex  not  preserved,  presumably  acute.  Base 
obtusely  pointed.  Margin  entire  as  far  as  seen;  there  is  a  possibihty,  however,  that  it  was 
sparsely  toothed  apicaUy.  Primaries,  three  from  the  top  of  the  petiole,  the  midrib  the  stoutest, 
all  slender. 

This  species  is  unfortunately  based  on  the  single  incomplete  s])ecimen  figured.  It  is  much 
like  the  leaves  ordinarily  referred  to  the  genus  CUnnamomuin,  of  wliich  three  or  four  European 
species  hav^  been  recognized  at  innumerable  horizons  from  the  Eocene  to  the  Phocene  and 
at  a  large  number  of  localities  both  in  this  country  and  abroad.  Some  of  these  are  indisputable 
cmnamomums,  as  is  attested  by  well-preserved  fruiting  specimens;  others  find  their  only 
relation  to  that  genus  in  the  jialmately  triveined  character.  The  present  sjiecies,  though  it 
may  represent  a  Cinnamomum,  has  seemed  to  the  writer  to  be  more  closely  related  to  the 

1  Engler,  .\.,  and  Prantl,  K.,  Die  naturlichen  Pflanzenlamllien,  pt.  3, 1894. 
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Ulmaceje,  resembling  certain  South  American  species  of  Celtis,  such  as  Celtis  iguanens  (Jacquin) 
Sargent  of  Bolivia.  It  more  closely  resembles,  liowever,  Momisia  aculeata  (Swartz)  Klotsch, 
a  widespread  species  of  tropical  America  and  the  West  Indies  which  reaches  its  northern 
limits  in  the  valley  of  the  Rio  Grande  and  on  tlie  Florida  keys. 

The  genus  Momisia  has  not  previously  been  recorded  in  a  fossil  state.  In  the  living  flora 
it  has  upward  of  a  score  of  species  confhied  to  tropical  America.  Engler  '■  reduces  it  to  a 
subgenus  of  Celtis,  but  there  is  little  doubt  that  it  should  1)e  accorded  generic  rank. 

Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group).  Phinizy 
Gully,  Columbia  County.     (Collected  by  E.  W.  Berry.) 

Collection. — U.  S.  National  Museum. 

Family  MOBACEiE  or  ARTOCARPACEiE. 

Genus  FICUS  Idnne. 

FiCUS    CLAIBOKNENSIS    Sp.  nOV. 

Plates  XXIV,  figure  6,  and  XXVII,  figures  3  and  4. 

Description. — Leaves  oblong-lanceolate  in  outhne,  about  12  centimeters  in  length  by  3.5 
centimeters  in  greatest  width,  which  is  about  halfway  between  the  apex  and  the  base.  Apex 
acute.  Base  equally  acute  and  somewhat  decurrent  on  the  extremely  stout  petiole,  which  is 
about  3  centimeters  in  length  and  fully  3  millimeters  in  diameter;  the  petiole  is  notably  curved 
in  one  specimen.  Midrib  apparently  equally  stout  below,  becoming  tliinner  above;  not  well 
seen  because  all  the  collected  material  shows  only  the  upper  surface  of  the  leaves.  The  texture 
was  evidently  coriaceous,  much  like  that  in  the  leaves  of  the  commonly  cultivated  rubber  plant, 
and  the  venation  is  made  out  with  difficulty.  The  secondaries  are  numerous,  thin,  and  parallel, 
as  in  lanceolate  fig  leaves  of  the  Ficus  eJastica  type.  The  younger  leaves  are  much  less  elongated, 
being  ovate-lanceolate  in  outline  as  shown  in  Plate  XXIV,  figure  6.  This  specimen  is  8  centi- 
meters in  length  by  3  centimeters  in  maximum  width,  and  the  surface  is  dotted  wdth  the  leaf 
spots  caused  by  a  species  of  Sphserites.  This  fig  is  the  most  abundantly  represented  fossil  at 
the  locality  10  miles  south  of  Macon. 

Among  the  600  or  more  described  hving  species  of  Ficus  which  range  over  the  warmer 
regions  of  the  whole  world,  and  among  300,  more  or  less,  fossil  species  known,  which  range 
from  the  Cretaceous  to  the  Pleistocene,  it  would  be  possible  to  mention  many  whose  foUage 
greatly  resembles  that  of  the  present  species,  but  it  is  hardly  worth  while  to  do  more  than  point 
out  that  a  mmiber  of  modern  tropical  American  species  have  fohage  very  close  to  tliis  Eocene 
form.  Various  modem  species  of  Ficus  have  been  shown  to  owe  their  distribution  to  fi-uit- 
eating  birds,  and  tliis  may  well  have  been  the  means  by  which  the  present  species  migrated 
along  the  Claiborne  coast. 

Occur7'ence. — Congaree  clay  member  of   McBean   formation  (of   Claiborne  group),  Fiske 
property,  Grovetown,  Columbia  County  (collected  by  S.  W.  McCalUe) ;   10  miles  south  of  Macon, 
Twiggs  County  (collected  by  E.  W.  Berry). 
Collection. — U.  S.  National  Museum. 

Order  CHENOPODIALES. 

Family  NYCTAGINACE.a:. 

Genus  PISONIA  Linne. 

PiSONIA    CLAIBORNENSIS  sp.  nOV. 

Plate  XXVIII,  figure  3. 

D/'scription. — Leaf  ovate,  1.5  centimeters  in  length  by  0.8  centimeter  m  greatest  width, 
which  is  a  Uttle  more  than  halfway  between  the  base  and  the  apex.  Apex  obtusely  pointed. 
Base  cuneate,  slightly  more  produced  and  more  pointed  than  the  apex.     Margin  entire.     Petiole 

1  Die  naturlichen  Pflanzenfamilien,  pt.  3, 1894. 
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missing.  Midrib  rather  stout  in  a  leaf  so  small.  Secondaries  few,  branching  from  the  midrib 
at  an  acute  angle,  45°  or  slightly  less,  and  curving  upward,  camptodrome.  Leaf  substance  thin 
but  apparently  coriaceous. 

Tliis  species,  except  for  its  smaller  size,  is  very  similar  to  Pisonia  eocenica,  described  by 
Ettingshausen  from  the  Eocene  or  lower  Oligocene  of  the  Tyrol.'  Among  Hving  species  it 
resembles  Pisonia  Jloridana  Britton  of  the  Florida  keys,  which  is,  however,  somewhat  more 
rounded  apically,  giving  its  leaves  a  more  obovate  outUne.  The  fossil  is  identical  in  every 
particular  with  the  smaller  leaves  of  the  modern  Central  American  species  Pisonia  macran- 
tliocarpa  Donnell  Smith.  Inasmuch  as  the  fossil  species  is  based  upon  the  single  specunen 
figured  it  is  impossible  to  tell  whether  the  specimen  collected  is  below  the  average  size  for  the 
species  or  not.  Presumably  the  leaves  did  not  grow  more  than  50  per  cent  larger  than  the 
one  figured.  In  Pisonia  macrantJiocarpa  the  leaves  vary  considerably  in  size,  some  being 
larger  than  the  fossil  and  others  only  one-third  its  size.     Many  are  almost  identical  in  size. 

Several  modern  species  are  probably  dispersed  through  the  agency  of  ocean  currents,  and 
the  same  means  of  distribution  may  have  been  adopted  by  Pisonia  claibomensis,  for  many  of 
its  associates  seem  to  have  been  similarly  adapted  for  sea  voyages. 

Members  of  the  genus  are  not  rare  in  the  fossil  state.  The  oldest  recorded  species  is  based 
on  leaves  described  by  Velenovsky  from  the  Chlomeker  sandstone  near  Leipa,  Bohemia,  as 
Pisonia  atavia?  These  are  of  Upper  Cretaceous  and  probably  Senonian  age,  and  if  collected 
at  a  homotaxial  horizon  in  this  country  would  be  referred  to  the  genus  Persoonia  Swartz.^  No 
other  Cretaceous  leaves  have  been  referred  to  Pisonia,^  although  Lesquereux  referred  the  only 
American  species  ever  described,  Pisonia  racemosa,^  to  the  Laramie.  The  material  came  from 
the  "Black  Buttes  beds"  of  Wyoming,  whose  exact  age  has  never  been  settled,  although  it  may 
be  basal  Eocene.  This  species,  which  was  based  both  on  leaves  and  on  fruiting  specimens,  had 
somewhat  larger,  more  rounded  leaves,  and  more  ascending  secondaries  than  the  Georgia  fossil. 
Five  species  recorded  from  the  European  Tertiary  have  the  following  distribution: 

Pisonia  landfolia  Heer,  Flora  Tertiaria  Helvetiae,  vol.  2,  1S56,  p.  75,  PI.  LXXXVIII,  fig.  4;  Tortonian  of  Switzerland. 

Pisonia  ovata  Ludwig,  Palseontographica,  vol.  8,  1859,  p.  107,  PI.  XLIV,  figs.  1  and  2;  Oligocene  of  Hesse. 

Pisonia  Mlinica  Ettingshausen,  Die  fossile  Flora  des  Tertiar-Beckens  von  Bilin,  pt.  1,  1867,  p.  89,  PI.  XXIX,  figs.  2 
and  4;  Miocene  of  Bohemia. 

Pisonia  radobojana  Ettingshausen,  Beitrage  zur  Kenntniss  der  fossile  Flora  von  Radoboj,  1870,  p.  877;  Sarmatiau  of 
Croatia  (leaves  and  fruit). 

Pisonia  eocenica  Ettingshausen,  previously  mentioned;  leaves  and  fruit  in  the  lignites  of  Haring  in  the  Tyrol.  These 
beds  are  referred  to  the  Ligurian  by  Gumbel  and  Friedrich,  to  the  Stampian  by  De  Lapparent,  and  to  the  San- 
noisian  by  Douxami  and  Marty.  The  same  species  has  been  identified  in  the  Oligocene  of  Saxony,  Styria, 
Dalmatia,  and  Switzerland,  and  in  the  Miocene  of  Styria  and  Camiola.  Massalongo  records  it  from  the  Messinian 
of  Italy. 

The  modern  species  of  Pisonia  are  numerous  and  occur  in  the  tropics  of  both  hemispheres. 
They  are  largely  developed  in  Central  and  tropical  South  America  and  several  species  appear 
in  the  West  Indies  and  Antilles.  Heimerl  °  divides  the  genus  into  six  sections,  some  of  wliich 
should  undoubtedly  be  given  generic  rank;  in  fact,  Britton'  proposes  to  form  from  the  West 
Indian,  Bahaman,  and  AntiUean  species  the  genus  Torrubia  Yelloso  (Fl.  Flum.,  1825,  p.  139), 
restricting  Pisonia  to  vines  to  correspond  with  the  tj^je  species  Pisonia  aculeata  Linne. 

Foreign  usage  and  geologic  considerations,  wliich  are  even  more  important,  make  it 
inadvisable  to  follow  too  closely  the  innovations  of  systematists  deaUng  only  with  existing  flora; 
and  especially  where  use  of  one  or  another  name  for  closely  related  genera  is  in  question,  it  is 
beUeved  that  a  somewhat  conservative  course  is  the  more  desirable.  The  present  species  is 
therefore  referred  to  Pisonia. 

I  Die  tertiare  Flora  von  Haring  in  Tirol:  .\bhandl.  K.-k.  geol.  Eeiehsanstalt,  vol.  2,  .\bth.  3, 1853,  p.  43,  PI.  XI,  fip.  1-22. 

I  Die  Flora  bohmischen  Kreideformation,  pt.  4,  1S.S.5,  p.  6,  Pl.VIII.  figs.  13  and  14. 

'  Cf.  Persoonia  ksguereuiii  Knowlton,  The  flora  of  the  Dakota  group:  Mon.  U.  S.  Geol.  Survey,  vol.  17,  1S92,  p.  89,  PI.  XX.  figs.  10-12. 

<  The  writer  has  recently  described  (Bull.  Torrey  Dot.  Club,  vol.  37,  1910,  p.  191)  a  well.charactcrized  Cretaceous  species  of  Pisonia  from  the 
Black  Creek  formation  of  North  Carolina,  and  the  genus  has  also  been  found  to  be  represented  at  various  Tertiary  horizons  in  the  Mississippi  em 
bayment  area. 

5  The  Tertiary  flora,  1878,  p.  209,  PI.  XXXV,  fig.  4. 

•  Engler.  \  ,  and  Prantl,  K..  Naturliehen  Pflanzonfamilicn,  vol.  3,  .\bth.  1.  1SS9. 

I  Bull.  Torrey  Hot.  Club,  vol.  31,  1904,  pp.  fill-015. 
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Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group),  Phinizy 
Gully,  Columbia  County ;  10  miles  south  of  Macon,  Twiggs  County.     (Collected  by  E.  W.  Berry.) 
Collection. — ^U.  S.  National  Museum. 

Order  BOSALES. 

Family  MEMOS  ACE  .ffi. 

Genus  MIMO SITES. 

MiMOSITES    GEOEGIANUS    sp.  nOV. 

Plate  XXVII,  figures  5-9. 

Description. — Leaflets  of  small  size,  ovate-lanceolate  in  outline,  somewhat  inequilateral, 
sessile,  ranging  from  2  to  3.8  centimeters  in  length  and  from  0.5  to  0.8  centimeter  in  maximum 
width,  which  may  be  in  the  apical  or  basal  portion  of  the  leaf  or  halfway  between.  Apex 
rounded  or  obtusely  pointed.  Base  somewhat  rounded  or  cuneate  and  pointed.  Some  of  the 
leaves  are  perfectl}^  symmetrical,  others  are  somewhat  extended  apically,  and  still  others 
have  the  base  slightly  extended.  Margins  entire,  ilidrib  fairlj-  stout  below,  thin  above. 
Venation  not  seen. 

These  small  leaflets  are  common  at  the  Phinizy  Gull}^  localitj-  but  rare  at  the  other  Claiborne 
outcrops.  They  are  almost  identical  with  the  leaflets  of  various  modern  Mimosaceae.  The 
fossil  species  of  ]\Iimosites  are  numerous  and  man}-  species  are  contained  in  undescribed  col- 
lections from  the  Wilcox  group  in  the  Mississippi  embayment  area. 

Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  gi'oup).  Phinizy 
Gully,  Columbia  County,  Ga.  (collected  by  E.  W.  Berry);  Grovetown  (collected  by  T.  W. 
Vaughau) ;  10  miles  south  of  Macon,  Twiggs  County  (collected  by  E.  W.  Berry). 

Collection. — U.  S.  National  Museum. 

Order  SAPINDALES. 

Family  DODONaiACEffi. 

Genus  DODON^IA  lanne. 

DoDON^A  viscosoiDES  sp.  nov. 

Plate  XXVIII,  figures  4-8. 

Description. — Leaves  somewhat  variable  in  shape,  obovate  in  general  outline,  ranging 
from  4  to  7.5  centimeters  in  length  by  1  to  2  centimeters  in  greatest  width,  which  is  usually 
above  the  center  of  the  leaf.  Sessile  or  nearly  so.  Apex  rounded,  in  many  specunens  broadly; 
base  extended,  more  or  less  narrowly  cuneate  with  straight  sides.  Texture  coriaceous.  Midrib 
mecUum,  becoming  attenuated  apically.  Secondaries  slender,  commonly  obscure,  particularly 
in  impressions  of  the  upper  surface  of  the  leaves;  6  to  10  pairs,  indifferently  opposite,  subopposite, 
and  alternate,  camptocLrome;  they  branch  from  the  midrib  at  angles  which  may  be  as  small  as 
12°  or  as  large  as  70°,  the  basal  ones  becoming  very  ascending  in  specimens  in  which  the  base  is 
much  produced;  the  normal  angle  of  divergence  is  about  45°.  The  basal  secondaries  branch 
near  the  base  of  the  leaf  and  take  a  nearly  straight  ascending  course  parallel  with  the  leaf  margin 
and  1  to  2  milluneters  from  it,  connecting  almost  a  third  of  the  length  of  the  leaf  from  the  base 
with  a  short  outwardly  and  downwardly  directed  branch  from  the  secondary  next  above.  The 
other  secondaries  are  placed  at  regular  intervals  and  are  more  or  less  straight  halfway  to  the 
margin,  at  which  point  they  curve  upward  in  a  wide  arch  to  joint  an  outwardly  directed  branch 
from  the  next  succeeding  secondary;  beyond  this  they  form  a  series  of  very  small  arches  parallel 
with  the  margin  and  of  a  caliber  which  might  well  be  termed  tertiary.  Tertiaries  straight, 
lateral,  or  transverse  in  direction.     Areolation  fine,  four  or  five  sided. 

This  species  is  one  of  the  commonest  forms  found  in  the  Georgia  Eocene,  and  aj^parently 
will  prove  a  useful  type  fossil  for  this  horizon,  as  it  occurs  at  all  the  localities  where  fossil 
plants  have  been  observed  in  the  Claiborne  of  Georgia.     The  collection  contains  10  specimens 
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from  the  locality  south  of  Macon,  a  large  mimber  from  Pliinizy  Gullv,  and  several  on  the  reverse 
of  one  of  the  figured  specimens  of  Thrinax  from  the  Fiske  property  at  Grovetown.  Fragments 
of  these  leaves  were  also  observed  at  other  localities  in  the  ^acinity  of  Grovetown,  where  they 
were  too  poorly  preserved  to  warrant  being  collected. 

About  15  fossil  species  of  Dodonjea  have  been  described,  and  all  are  European  but  one, 
which  is  based  on  a  rather  doubtful  fruit  from  Florissant,  Colo.,  that  is  probably  an  Ulmus.' 
Seven  of  these  15  species  are  Ohgocene,  embracing  both  leaves  and  characteristic  fruits  and 
recorded  from  St}Tia,  Prussia,  France,  Tyrol,  and  Switzerland.  Seven  are  Miocene,  including 
both  leaves  and  fruit  and  coming  from  Baden,  Croatia,  Switzerland,  Prussia,  and  Bohemia. 
Of  these  European  forms  Dodonasa  vetusta  Heer,=  from  the  Aquitanian  of  Switzerland,  and 
Dodonsea  pr-isca  Weber,^  from  the  Aquitanian  of  Rhenish  Prussia,  are  quite  similar  to  the  Georgia 
species  and  clearly  represent  the  same  t^-pe  of  leaf,  although  they  show  marked  specific  dif- 
ferences. It  seems  probable  that  some  of  the  leaves  from  the  American  Eocene  and  the  Euro- 
pean Gj'pse  (Ligurian)  commonly  referred  to  the  willow  oaks,  represent  Dodoniea.  For 
example,  Saporta  describes  two  species  of  Dodonsea  fruits  from  St.  Zacharie,  France,  but  no 
leaves,  although  the  late  Eocene  and  early  Oligocene  have  furnished  a  number  of  suggestive 
leaves  of  this  genus  which  have  been  usually  referred  to  Quercus. 

In  the  modern  flora  there  are  about  50  species  of  Dodonasa,  more  than  40  of  these  being 
Australian.  A  single  species  is  found  in  the  Hawaiian  Islands  and  another  in  Madagascar. 
The  Claiborne  form  closely  resembles  the  mdoern  DodonsEa  viscosa  Linne,  which  is  found  in 
peninsular  Florida  and  on  the  keys,  as  well  as  in  the  oriental  and  occidental  tropics,  and  which 
ranges  as  far  north  as  Bermuda  Qatitude  32°),  where  it  frequents  the  inner  edges  of  the  sand 
dunes.  It  is  a  small  sapindaceous  tree  of  the  "beach  jungle"  and  is  one  of  the  prominent  forms 
in  the  tropical  plant  association  named  by  Schimper  the  Barringtonia  f<n-mation.  It  is  pro- 
tected from  the  strong  isolation  by  varnished  leaves  wath  a  thick  epidermis  and  reduced  stomata. 
Like  many  other  strand  plants,  it  is  distributed  largely  through  the  agency  of  ocean  currents. 

As  is  true  of  numerous  other  late  Cretaceous  and  Tertiary  dicot^dedonous  genera,  the 
former  world-wide  range  of  Dodonasa  has  given  place  to  modern  massing  of  its  species  in  a  single 
region  in  the  southern  hemisphere  with  only  a  few  outlying  and  scattered  species  in  other 
regions,  to  witness  its  former  cosmopolitanism. 

Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group).  Phinizy 
Gully,  Columbia  County  (collected  by  E.  W.  Berr\');  Grovetown,  Columbia  County  (collected 
b}'  S.  W.  McCallie  and  T.  W.  Yaughan) ;  10  miles  south  of  Macon  on  Macon-Marion  public  road, 
Twiggs  County  (collected  by  S.  W.  McCallie  and  E.  W.  Berry-). 

Collection. — U.  S.  National  Museum. 

Family   SAPINDACEffi. 

Genus  SAPINDUS  Linne. 

Sapindus  georgiana  sp.  nov. 

Plate  XXVII,  figures  11  and  12. 

Description. — Leaflets  small,  lanceolate,  falcate,  4  to  5.5  centimeters  in  length  by  0.5  to  0.9 
centimeters  in  greatest  width,  which  is  in  the  central  part  of  the  leaf.  Apex  and  base  both 
acuminate.  Margin  entire.  Midrib  stout  below,  becommg  thin  above.  Secondaries,  six  to 
eight  alternate  pairs,  branching  from  the  midrib  at  an  acute  angle  and  curving  upward,  campto- 
drome,  very  fine  and  made  out  with  difficulty. 

There  are  more  than  50  fossil  species  of  Sapindus,  ranging  from  the  Cenomanian  of  America, 
Europe,  and  Greenland  through  the  various  Tertiary  horizons  to  the  Pleistocene.  Among 
these  species  are  three  which  approach  the  Georgia  species — Sapindus  affinis  Newberry,  Sapindus 
angustifolius  Lesquereux,  and  Sapindus  stellariarfolia  Lesquereux.     Sapindus  affinis  Newberry,* 

1  Lesquereux,  Leo,  The  Cretaceous  and  Tertiary  floras,  1883,  p.  182,  PI.  XXXVI,  fig.  5. 

''  Flora  Tcrtiaria  Helvetiie,  vol.  3, 18.59,  p.  64,  pi.  CXXI,  figs.  13, 14. 

3  Weber,  C.  O.,  Palseontographica,  vol.  2, 1852,  p.  85,  PI.  V,  fig.  8. 

'  Newberry,  J.  S.,  The  later  extinct  Qoras  of  North  .\merica:  Mon.  U.  S.  Geol.  Survey,  vol.  35, 1898,  p.  116,  Pis.  XXX,  fig.  1,  and  XL,  flg.  2. 
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though  perfectly  distmct,  in  its  smaller  leaflets  somewhat  resembles  the  broader  forms  from 
Georgia.  Sajnndus  angustifolius  Lcsquereux/  a  Florissant,  Colo.,  species  which  has  been 
identified  (probably  erroneously)  in  the  "  Eolignitic  "  of  Kentucky  and  Louisiana  by  Lesquereux 
and  Hollick,  respectively,  is  also  very  similar  to  the  broader  Georgia  leaves.  Finally,  Sapindus 
stellarisefolius  Lesquereux,^  from  Florissant,  very  closely  approaches  the  Georgia  species.  It 
is,  however,  somewhat  smaller,  although  it  preserves  the  same  general  outlines,  and  according 
to  Cockerell  is  not  of  Green  River  age,  as  suggested  by  Lesquereux,  but  of  late  Miocene,  which 
serves  to  emphasize  iLs  specific  distinctness. 

The  modern  species  of  Sapindus  number  about  10;  they  inhabit  warm  temperate  and 
tropical  Asia  and  America.  At  least  four  species  are  found  within  the  limits  of  the  United 
States,  and  it  would  not  be  difficult  to  select  leaflets  from  the  common  Sapindus  marginatus 
Willdenow  from  the  same  area  as  the  fossil  species  which  would  approach  it  very  closely.  The 
fossil  is,  however,  more  nearly  related  in  all  probability  to  Sapindus  saponaria  Limie,  a  common 
West  Indian  and  Soutli  American  tree  which  readies  the  Florida  keys  and  which  has  become  a 
widespread  member  of  the  littoral  flora  tlirough  the  agency  of  ocean  currents.  Hemsley 
records  an  instance  of  seeds  of  this  species  which  were  washed  ashore  on  the  south  coast  of 
Bermuda,  gcrmhiatmg  after  their  ocean  voyage  of  about  900  miles  (?). 

A  number  of  additional  comparisons  may  be  suggested,  as,  for  example,  witli  the  leaves,  so 
common  in  tlie  Oligocene  of  Europe,  which  are  referred  to  the  Australian  myrtaceous  genus 
Callistemon  R.  Brown  and  to  Callistemophyllum  Ettingshausen.  Among  existing  species  the 
leaves  of  Sapindus  georgiana  may  also  be  compared  with  those  of  Gompliia  linearis  of  the  South 
American  Ocknacese  and  Rhus  lanceolatea  A.  Gray,  a  Texas  species  of  Anacardiaceae. 

Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group).  Phinizj' 
Gully,  Columbia  County,  Ga.    '(Collected  by  E.  W.  Berry.) 

Collection. — U.  S.  National  Museum. 

Order  THYMELEALES. 

Family  LAURACE.ffi;. 

Genus  MALAPOENNA  Adanson. 

Malapoenna  sp. 

Plate  XXVII,  figure  10. 

Description. — A  single  poorly  preserved  lauraceous  fruit  was  obtained  from  the  locality 
south  of  Macon.  It  is  too  poor  for  adequate  description,  and  is  referred  with  hesitation  to  the 
genus  Malapoemia. 

Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group),  10  miles 
south  of  Macon,  Twiggs  County,  Ga.     (Collected  by  E.  W.  Berry.) 

Collection. — U.  S.  National  Museum. 

Order  MYKTALES. 

Family  BHIZOPHOKACEiE. 

Genus  K.HIZOPHORA  linne. 

Rhizophora  eocenica  sp.  nov. 

Plate  XXIX,  figures  1  and  2. 

Description. — ^Leaves  of  small  size  (presumably  young)  and  of  medium  size,  elHptical  in 
outline,  roimded  or  obtusely  pointed  at  the  apex,  a  few  somewhat  emarginate  smaller-sized 
variants  from  the  normal  form.  The  base  slightly  narrowed  and  broadly  cuneate.  Margins 
entire.  Length  about  7  to  8  centimeters;  greatest  width  about  3.3  centimeters.  Texture 
coriaceous,  especially  in  the  leaf  shown  in  figure  1,  Plate  XXIX,  in  wliich  the  margins  were 

>  Lesquereux,  Leo,  The  Tertiary  flora,  1878,  p.  265,  PI.  XLIX,  figs.  2-7.  2  Idem,  p.  264,  PI.  XLIX,  flg.  1. 
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apparenth'  somewhat    revoluto.     Midrib    and   petiole   extremely  stout.     Secondary   venation 
immersed  and  not  seen. 

Leaves  of  this  species  are  not  common  in  the  collections,  probably  because  the  collections 
are  small  and  far  from  representative.  The  species  is,  however,  of  pecuUar  interest  in  that  it 
sheds  much  light  on  the  environment  of  the  Claiborne  flora  of  Georgia.  Because  of  tliis  great 
care  has  been  taken  to  compare  the  present  fossils  wath  the  leaves  of  all  Uving  or  extinct  forms 
wliich  might  be  expected  to  occur  in  the  latitude  of  Georgia  at  tliis  stage  of  the  Eocene.  The 
species  is  obviously  new  to  science,  and  it  shows  so  many  points  of  contact  -svith  the  modern 
forms  of  Khizophora,  especially  -with  RhizopJtora  mangle  Linne  of  the  American  tropics,  that 
its  reference  to  tliis  genus  seems  clearly  warranted.  With  the  exception  of  a  single  sj^ecimen 
of  Rliizophora  described  by  Massalongo  '  fi-om  the  later  Tertiary  (Messinian)  of  the  east  coast  of 
Italy,  and  a  form  referred  to  tliis  genus  by  Ettingshausen,  this  is  the  oidy  known  fossil  repre- 
sentative of  this  widespread  modern  genus.  The  form  determined  by  Ettingshausen  came  from 
the  Ligurian-Aquitanian  of  Austria,  and  was  compared  by  liim  with  the  existing  RMzophora 
pannfolia  Roxburg,  of  the  East  Indies.^  The  similarity  of  tliis  form  to  various  members  of 
the  M>Ttacefe  and  Leguminosae,  however,  caused  Schenk  ^  to  express  doubt  of  Ettingshausen's 
identification. 

It  Ls  possible  that  in  the  past  leaves  of  tliis  genus  may  not  have  been  recognized  when 
collected;  tlie  leaves  from  the  "Eohgnitic"  wliich  Lesquereux  *  identified  with  Quercus  cMoro- 
phyHa  Unger  are  almost  certainly  not  that  species  and  are  very  similar  to  Rliizophora  leaves. 
Not  having  seen  the  specimens,  the  writer  is  not  ju.-5tified  in  doing  more  than  to  call  attention 
to  tliis  possible  relation. 

There  are  three  existmg  species  of  Rhizophora.  RMzophora  mangle  Linne  of  the  American 
tropics  is  found  as  far  north  as  Mosquito  Inlet  and  Cedar  Key  in  peninsular  Florida  and  at 
the  mouth  of  the  Mississippi;  it  also  extends  fi-om  the  Mexican  coast  for  some  distance  along  the 
coast  of  Texas.  It  occurs  throughout  the  Bahamas  and  West  Indies  and  very  generally 
throughout  Central  America  and  northern  South  America,  having  in  comparatively  recent  times 
extended  its  range  northward  through  the  Bahamas  to  Bermuda.  On  the  west  coast  it  is  found 
northward  to  Lower  Cahfornia  and  southward  to  the  Galapagos  Islands.  Rliizophora  mucronata 
Lamarck  ranges  from  southern  Japan  to  northern  AustraUa  and  westward  to  east  Africa; 
Rhizophora  conjugaia  Linne  is  confined  to  tropical  Asia.  Doubtless  modern  systematists  will 
differentiate  additional  specific  forms,  but  judgmg  by  the  rather  umform  habits  of  these  plants 
such  differentiation  wiU  be  based  on  minor  characters.  The  mangrove  plants  possess  the 
singular  ability  to  flourish  in  sea  water,  and  their  manner  of  fife  and  development  have  become 
well  adapted  both  structurally  and  ])hysiologically  to  their  mode  of  existence,  so  that  they  have 
become  widely  cUsseniinated  and  individually  abundant;  in  fact,  they  are  the  most  remarkably 
speciahzed  plants  for  this  habitant  known,  and  their  speciahzation  was  in  a  measure  reached 
in  the  Eocene.  They  do  much  work  as  makers  of  land,  as  has  often  been  described,  and  they 
are  especially  well  developed  on  low  shores  around  the  heads  of  tropical  or  subtropical  bays  and 
estuaries.  (See  PI.  XA^,  p.  160.)  It  is  beheved  that  the  Grovetown  locahty  was  well  toward 
the  northern  hmit  of  the  range  of  mangrove  swamps  in  Claiborne  time  and  that  they  were  not 
so  prominent  an  ecologic  feature  there  as  they  evidently  were  farther  south.  Presumably  there 
were  some  such  swamps  in  the  Grovetown  estuary  and  elsewhere  along  the  Claiborne  coast  from 
wliich  the  present  leaves  were  derived,  and  possibly  the  Ugnite  deposits  a  few  miles  southwest 
of  Grovetown  may  represent  such  a  swamp  in  place.  The  shores  of  tliis  estuary  were  for  con- 
siderable distances  sandy,  made  up  of  the  reworked  sands  of  tiie  Lower  Cretaceous,  as  is  shown 
by  the  fossil  plants  collected,  for  plants  characteristic  of  the  beach  jungle  predominate  over 
those  characteristic  of  mangrove  swamps. 


>  Studii  sulla  flora  fossUe  e  geologia  stratigrapMca  del  Semigalliese,  1S.59,  p.  407. 
2  Die  Tertiare  Flora  von  Baring  in  Tirol,  1853,  p.  82,  PI.  XXVII,  flgs.  28  and  29. 
s  Zittel's  Handbucii,  Abth.  2,  1890,  p.  632. 
'  Proc.  Am.  Philos.  Soc.,  new  ser.,  vol.  13, 1869,  p.  416,  PI.  XVII,  figs.  5-7. 
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Occurrence, — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group),  Plunizy 
Gully,  Columbia  County,  Ga.  (collected  by  E.  W.  Berry);  a  well  13^  miles  west  of  Sandersville, 
Washington  County,  Ga.  (collected  by  S.  W.  McCallie) ;  a  locality  10  miles  south  of  Macoii, 
Twiggs  County,  Ga.  (collected  by  E.  W.  Berry) . 

Collection. — U.  S.  National  Museum. 

Family  COMBRETACEffi  B.  Brown  (TERMINALIACEiE  J.  St.  Hilaire) 

Genus  TERMINALIA  lanne.  s 

Terminalia  ph^ocarpoides  sp.  nov.  ^'^ 

Plate  XXIX,  figure  3. 

Description.— Le&Yes  oi  medium  and  largo  size,  broadly  obovate  in  general  outline  with  a 
rounded  or  pointed  apex  and  a  cuneate  base.  Margins  entire.  Length  about  1.5  or  16  centi- 
meters, and  greatest  width,  which  is  above  the  middle,  about  7  or  8  centimeters.  Midrib  stout. 
Secondaries  about  8  pairs,  subopposite  or.  alternate,  branching  from  the  midrib  at  angles  of 
about  50°  and  curving  upward,  approximately  parallel,  camptodrome.  Tertiary  venation  not 
seen.     As  the  remains  of  this  species  are  merely  impressions  the  texture  can  not  be  determined. 

In  a  more  northern  flora  this  species  would  doubtless  be  compared  with  a  Magnolia,  and 
possibly  some  fossil  species  of  Magnolia  may  be  profitably  compared  -nath  Terminalia.  Other- 
wise the  abundance  of  Terminalia  in  the  European  Tertiary,  where  it  furnishes  both  leaves  and 
characteristic  fruits,  and  its  absence  from  America  is  difficult  to  understand. 

The  present  species  is  very  similar  to  the  modern  widespread  Terminalia  catappa  Linne 
if  the  apical  portion,  which  is  unfortunately  missing,  is  broad  and  rounded  like  the  outside 
dotted  line  in  the  figure;  and  is  very  similar  to  the  modern  Terminalia  phseocarpa  Eichler  of 
northern  South  America  if  the  outline  coiTesponds  to  the  inner  dotted  line  in  the  figure. 

The  modern  species  of  Terminalia  are  all  tropical  and  number  more  than  100  forms,  dis- 
tributed among  the  various  continents  in  the  following  proportions  according  to  Engler  and 
Prantl:  America,  24;  Asia,  27;  Madagascar,  16;  Africa,  17;  Australia,  19.  One  indigenous 
species,  Terminalia  buceras,  reaches  the  United  States;  it  is  common  along  the  shores  of  the 
Caribbean  Sea,  extending  northward  through  the  West  Indies  to  Elliotts  Key,  Fla.,  and  growing 
generally  on  coral  soil. 

The  present  species  is  the  onlj-  known  American  fossil  member  of  this  genus.  About  a 
dozen  species  are  described  from  Europe,  the  oldest,  not  positively  identified,  coming  from 
the  Upper  Cretaceous  of  Bohemia.  One  species  is  described  from  the  lower  Oligocene  of  Aix 
(Provence,  France)  and  the  others  range  in  age  from  the  Oligocene  to  the  Pliocene  and  are 
represented  by  both  leaves  and  fruit.  They  are  especially  common  along  the  extended  late 
Tertiary  seacoast  of  south-central  Europe,  the  Messinian  showing  four  species,  the  Sarmatian 
three,  and  the  Astian  two.  The  European  fossil  form  nearest  the  Georgia  form,  though  the 
resemblance  is  not  especially  close,  is  Terminalia  radoi.ojensis  Unger,  which  has  a  recorded  range 
from  the  Tongrian  to  the  Astian. 

Terminalia  catappa  is  one  of  the  prominent  elements  in  the  oriental  littoral  forest  or  beach 
jungle  of  the  Tropics  (Barringtonia  formation  of  Schimper),  its  buoyant  fruits  having  enabled 
it  to  become  widespread  within  its  limits  of  range  through  the  agency  of  ocean  currents.  In 
this  connection  attention  should  be  called  to  the  two  species  Magnolia  hilgardiana '  and  Mag- 
nolia laurifolia-  described  by  Lesquereux  from  the  "Eolignitic"  of  the  Mississippi  emba3anent. 
Either  of  these  species  may  find  its  nearest  modern  affinity  among  the  various  species  of  Termi- 
nalia rather  than  MagnoUa,  and  it  is  perhaps  significant  that  Lesquereux  compared  the  second 
of  these  to  the  European  Tertiary  species  Terminalia  radobojensis  Unger. 

Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group).  Fiske 
property,  Grovetown,  Columbia  County.     (Collected  by  S.  W.  McCallie.) 

Collection. — U.  S.  National  Museum. 

'  Lesquereux,  Leo,  Proc.  Am.  Philos.  Soc,  new  ser.,  vol.  13, 1S69,  p.  421,  PI.  XX,  flg.  1.  ^  Idem,  p.  421,  PI.  XX,  figs.  2  anil  3. 
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Genus  CONOCARPUS  Linne. 
CONOCARPUS    EOCENICA    sp.  IIOV. 
Plate  XXIX,  figures  4-7. 

Description. — Leaves  of  medium  and  small  size,  lanceolate  and  usually  inequilateral  in 
f.line,  with  an  obtusely  pointed  apex  and  a  similarly  pointed  base,  margins  entire.  Length 
6  to  10  centimeters;  greatest  width,  which  is  about  midway  between  the  apex  and  the  base 
l.o  to  2.6  centimeters.  Midrib  stout.  Secondaries  remote,  about  six  pairs,  opposite  or  sub- 
-jjposite,  branching  from  the  midrib  at  angles  of  about  50°,  extending  outward  and  then  sweeping 
upward  in  a  broadly  rounded  curve,  parallel  with  the  margin  and  approximately  parallel  with 
their  fellows,  ultimately  camptodrome.     Tertiaries  fine  forming  a  polygonal  areolation. 

This  species  is  represented  by  several  specimens  from  both  locahties  near  Grovetown  and  is 
obviously  related  to  Conocarpus  both  in  outline  and  in  venation,  as  well  as  probably  in  habitat. 

Conocarpus  is  a  monotypic  genus  in  the  existing  flora,  the  single  species,  Conocarpus 
erectus  Limie,  bemg  widespread  along  low  muddy  or  sandy  tropical  shores  in  Central  and  South 
America  and  on  the  west  coast  of  Africa  (Guinea  and  Senegambia).  It  is  found  in  the  Gala- 
pagos Islands  and  extends  northward  from  the  West  Indies  to  the  Florida  Keys  and  to  Ber- 
muda, where  it  is  found  on  the  sand  dunes.  Its  distribution  has  been  effected  through  the 
agency  of  ocean  currents.  The  fossil  form  appears  to  be  closest  to  the  modern  variety  arhoreus 
Grisebach  of  Central  America.  The  modern  species  is  not  only  a  typical  member  of  the  mangrove 
association  of  Africa  and  America,  but  much  more  widespread  than  the  mangroves,  for  it  is 
equally  a  plant  of  strand  and  dunes.  The  texture  and  anatomy  of  its  leaves  differ  somewhat 
according  to  their  degree  of  exposure  to  the  Tuys  of  the  sun. 

No  other  fossil  species  of  Conocarpus  are  known,  but  this  species  may  be  compared  with 
certain  European  Tertiary  forms  referred  to  the  allied  genus  Eugenia,  of  which  several  have 
been  described,  more  especially  from  the  Oligocene.  Both  Eugenia  aizoon  linger  and  Eugenia 
Tiaeringiana  Unger  are  somewhat  similar  to  the  Georgia  leaf. 

Occurrence. — Congaree  clay  member  of  McBean  formation  (of  Claiborne  group).  Pliinizy 
GuUy,  Columbia  County,  Ga.  (collected  by  E.  W.  Berry);  Fisko  property,  Columbia  County, 
Ga.  (collected  by  S.  W.  McCallie) ;  10  miles  south  of  Macon,  Twiggs  County,  Ga.  (collected  by 
E.W.  Berry). 

Collection. — ^U.  S.  National  Museum. 

EOCENE  FLORAS   OF  EUROPE  AND   NORTH  AMERICA. 

A  large  number  of  species  of  plants  have  been  described  from  various  Eocene  localities  in 
Europe,  but  the  data  for  an  accurate  comparison  of  these  floras  with  that  of  the  Claiborne  are 
most  mcomplete.  Tliis  lack  of  data  is  due  in  a  measure  to  the  fact  that  the  bulk  of  the  European 
Eocene  deposits  are  marine,  and  the  usual  difficulties  in  correlation  present  themselves  when  the 
attempt  is  made  to  compare  isolated  flu  via  tile  and  lacustrme  plant-bearing  beds  with  their 
marine  equivalents  where  the  standards  and  nomenclature  are  largely  those  of  invertebrate 
paleontology.  This  is  particularly  true  of  the  Eocene,  because  the  most  complete  paleobotanic 
section  of  tliis  age,  which  is  checked  by  paleozoology,  has  remained  to  a  large  extent  undescribed. 
The  splendid  series  of  plant-bearing  horizons  of  the  south  of  England  have,  with  the  exception 
of  sporadic  descriptions  of  certain  local  florules  by  De  la  Harpe,  Heer,  Ettingshausen,  and  others, 
and  the  work  of  J.  Starkie  Gardner  on  the  ferns  and  conifers,  remained  unknown  down  to  the 
present.  It  seems  remarkable  that  only  two  Englishmen,  Bowerbank  and  Gardner,  have 
devoted  any  considerable  attention  to  these  floras,  and  the  latter  failed  to  complete  his  work, 
so  that  in  many  ways  the  most  interesting  part  of  the  British  Eocene  flora,  certainly  the  most 
useful  for  purposes  of  correlation,  remains  unknown  to  science  except  for  various  antiquated 
and  scattered  references. 

A  brief  sketch  will  be  given  of  the  present  state  of  knowledge  of  European  Eocene  floras, 
commencing  with  the  earliest  and  giving  special  attention  to  the  floras  more  nearly  homotaxial 
with  the  American  Claiborne. 
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The  basal  Eocene  beds,  Montian  and  Thanetian  stages  (Paleocene  of  Schimper  and  Saporta 
and  lower  Landenian  of  the  last  edition  of  De  Lapparent)  furnish  a  fairly  representative  flora 
described  from  the  plastic  clay  of  Trieu  de  Leval  (Hainaut)  Belgium  by  Marty,'  from  the  traver- 
tines of  Sezanne,  France,  by  Saporta,^  and  from  the  marnes  heersiennes  of  Gelinden,  Belgium, 
by  Saporta  and  Marion.^  In  addition  to  these  two  florules  a  few  scattered  algse  and  fragments 
of  land  plants  are  preserved  in  the  marine  deposits  of  these  stages. 

The  lower  Eocene  beds,  Sparnacian  and  Y presian  *  stages,  include  in  earlier  deposits  the  flora 
found  in  the  Oldhaven,  Woolwich,  and  Reading  beds  of  England,  largely  unstudied,  and  the  small 
flora  recently  described  by  FriteP  from  the  Paris  basin.  In  their  later  deposits  (Cuisian  of 
DoUfuss,  1909,  in  part  the  Lontlinian  of  Mayer-Eymar,  1857)  they  include  the  flora  of  the 
gres  de  BeUeu  in  France "  and  those  of  Alum  Bay  and  the  London  clay  m  England.  The 
London  clay  fossils  are  largely  lignitized  and  pyritized  fruits  and  seeds  from  the  Isle  of  Sheppey 
and  leaf  unpressions  from  the  pipe  clay  of  Alum  Bay.  These  have  never  been  figured  or  carefully 
studied,  but  the  following  old  list  will  give  some  idea  of  the  Alum  Bay  flora: 

Allan  Bay  flora  as  determined  hy  EtHngshnusenJ 


Acacia  brittanica  Ettiugshausen  and  Gardner. 

sotzkiana  Unger. 
Acer  eocenicum  Ettingshaiisen  and  Gardner. 

prae-decipiens  Ettingshausen  and  Gardner. 
Adenopeltis  alumensis  Ettingshausen  and  Gardner. 
Alyxia  europwa  Ettingshausen  and  Gardner. 
Amygdalus  pereger  Unger. 

prse-oeningensis  Ettingshausen  and  Gardner, 
teuue-striata  Ettingshausen  and  Gardner. 
Andromeda  protogjea  Unger. 
Anemia  subcretacea  Saporta. 
Anona  cyclosperma  Ettingshausen  and  Gardner. 

elongata  Ettingshausen  and  Gardner. 
Apocynophyllum  grande  Ettingshausen  and  Gardner, 
haeringianum  Ettingshausen. 
prse-amsonia  Ettingshausen  and  Gardner, 
titanise  Ettingshausen  and  Gardner. 
AraHa  primigenia  De  la  Harpe. 
Aristolochia  ahimensis  Ettingshausen  and  Gardner. 
Aronium  eocenicum  Ettingshausen  and  Gardner. 
Artocarpidium  grandifolium  Ettingshausen  and  Gardner. 

integrifolium  Unger. 
Arundo  goepperti  (Muenster). 
Banksia  dillenioides  Ettingshausen. 

ungeri  Ettingshausen. 
Bombax  menjfe  Ettingshausen  and  Gardner, 
sagorianum  Ettingshausen. 
tenuinerve  Ettingshausen  and  Gardner. 
Bumelia  dryadum  Ettingshausen  and  Gardner. 

oreadum  Unger. 
Csesalpinia  semula  Heer. 

liaidingeri  Ettingshausen. 
Callicoma  fornacis  Ettingshausen  and  Gardner. 
Callistemopliyllum  diosmoides  Ettingshausen. 


Callistemophyllum  elegans  Ettingshausen  and  Gardner, 
melaleucseforme  Ettingshausen. 
obtusum  Ettingshausen  and  Gardner. 
Callitris  curta  Bowerbank. 

Oarpolithes  alumensis  Ettingshausen  and  Gardner, 
crassipes  Ettingshausen  and  Gardner, 
elliptico-vahatus  Ettingshausen  and  Gardner, 
napserum  Ettingshausen  and  Gardner, 
prseboveyanus  Ettingshausen  and  Gardner, 
tricoccinus  Ettingshausen  and  Gardner. 
Cassia  berenices  Unger. 
fischeri  Heer. 
feronise  Ettingshausen. 
hyperborea  Unger. 
memnonia  Unger. 
phaseolites. 

prae«-lignitum  Ettingshausen  and  Gardner, 
pree-memnonia  Ettingshausen  and  Gardner, 
prae-phaseolites  Ettingshausen  and  Gardner, 
prse-sagorina  Ettingshausen  and  Gardner, 
prae-stenophylla  Ettingshausen  and  Gardner, 
pseudo-glandulosa  Ettingshausen. 
sagoriana  Ettingshausen. 
ungeri  De  la  Harpe. 
zephyri  Ettingshausen. 
Cecropia  eocenica  Ettingshausen  and  Gardner. 
Cedrela  primigenia  Ettingshausen  and  Gardner. 
Celastrophyllum  undulatium  Ettingshausen  and  Gardner. 
Celastrus  elaenus  Unger. 

fengae  Ettingshausen  and  Gardner. 
mjTicinus  Ettingshausen  and  Gardner, 
prae-europseus  Ettingshausen  and  Gardner, 
salidae  Ettingshausen  and  Gardner, 
tafnis  Ettingshausen  and  Gardner. 


1  i;tiides  sur  les  vilg^tations  fossiles  du  Trieu  de  Leval  (Hainaut):  M^m.  Mus^e  d'hist.  nat.  Belgique,  vol.  5, 1907.  This  is  an  older  flora  than 
that  of  Gelinden  or  S6zanne  and  is  said  to  show  affinities  with  tropical  American  flora. 

2  Prodrome  d'une  flore  fossile  des  travertins  anciens  de  ScSzatme:  Mim  Soc.  g(5ol.  France,  2d  ser.,  vol.  8, 1868,  pp.  289-436,  Pis.  XXII-XXXVI. 
'  Saporta,  G.  de,  and  Marion,  A.  F.,  Essai  sur  I'^tat  de  la  v^g^tation  k  IVpoque  des  mames  heersiermes  de  Gelinden:  M^m.  cour.  et  des  Sav. 

arang.  Acad.  roy.  Belgique,  vol  37,  1873,  No.  6,  pp.  l-«4,  Pis.  I-XII.  Revision  de  la  flore  heersienne  de  Gelinden,  etc.:  Idem,  vol.  41,  1878, 
No.  3,  pp.  1-112,  Pis.  I-XIV. 

*  These  and  other  Eocene  floras  of  the  Paris  basin  are  at  present  being  admirably  revised  by  Prof.  P.  H.  Fritel,  of  the  Museum  of  Natural 
History,  Paris. 

>  Fritel,  P.  H.,  Etude  sur  les  v^gfitau.^  fossiles  de  I'^tage  Spamacien  du  bassin  de  Paris:  M(5m.  Soc.  g^ol.  France,  vol.  16, 1910,  No.  40. 

«  Watelet,  A.,  Description  des  plantes  fossiles  du  bassin  de  Paris,  1866. 

'  Proc.  Hoy.  Soc.  London,  vol.  30,  1880,  pp.  228-236. 
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Celtis  woodwardi  Ettingsliausen  and  Gardner. 
Ceratopetalum  crassipes  Ettingshausen  and  Gardner, 
haeringianum  Ettingshausen. 
manni  Ettingshausen  and  Gardner. 
Chrysodium  lanzeanum  (Visiani). 

Cinchonidium  lanceolatum  Ettingshausen  and  Gardner, 
prae-bilinicum  Ettingshausen  and  Gardner, 
prse-latifolium  Ettingshausen  and  Gardner. 
Cinnamomum  eocenicum  Ettingshausen. 
polymorphum  Al.  Braun. 
rossmsessleri  Heer. 
Cissus  auroras  Ettingshausen  and  Gardner. 

celastrifolia  Ettingshausen  and  Gardner. 
Clerodendron  europteum  Ettingshausen  and  Gardner. 
Comptonia  acutiloba  (Sternberg). 
Copaifera  harpei  Ettingshausen  and  Gardner, 
prisca  Ettingshausen  and  Gardner, 
veledae  Ettingshausen  and  Gardner. 
Cornus  atlantica  Ettingshausen  and  Gardner. 
Cupania  corrugata  Bowerbank. 
depressa  Bowerbank. 
grandis  Bowerbank. 
lobata  Bowerbank. 
Bubangulata  Bowerbank. 
tumida  Bowerbank. 
Cupressinites  globosus  Bowerbank. 
Cyperites  eocenicus  Ettingshausen  and  Gardner. 
Dalbergia  cyclophylla  Ettingshausen  and  Gardner, 
eocenica  Unger. 
haeringiana  Ettingshausen. 
longifolia  Ettingsliausen  and  Gardner, 
primseva  Unger. 
ungeri  Ettingshausen. 
Daphne  aquiranica  Ettingshausen. 
Daphnogene  anglica  Heer. 

veronensis  Massalongo. 
Diospyros  eocenica  Ettingshausen  and  Gardner. 
Dodonea  prae-salicites  Ettingshausen  and  Gardner. 

subglobosa  Ettingshausen  and  Gardner. 
Elaeodendron  dubium  Ettingshausen. 
Eucalyptus  haeringiana  Ettingshausen. 

oceanica  Unger. 
Eugenis  apollinis  Unger. 
Fagus  intermedia  Ettingshausen  and  Gardner. 
Ficus  arenacea  Lesquereux. 

bowerbankii  De  la  Harpe. 

bumelisetolia  Ettingshausen. 

cisae  Ettingshausen  and  Gardner. 

deleta  Ettingshausen  and  Gardner. 

falroneri  Heer. 

granadilla  Massalongo. 

hydrarchoB  Unger. 

inguionis  Ettingshausen  and  Gardner. 

jynx  Unger. 

lanceolata  Heer. 

morrisii  De  la  Harpe. 

nerthi  Ettingshausen  and  Gardner. 

planicostata  Lesquereux. 

prae-arcinervis  Ettingshausen  and  Gardner. 

prae-lanceolata  Ettingshausen  and  Gardner. 

reussii  Ettingshausen. 

rhamnoides  Ettingshausen  and  Gardner. 

wudgse  Ettingshausen  and  Gardner. 


Flabellaris  sp. 

Fraxinus  jovis  Ettingshausen  and  Gardner. 

prae-savinensis  Ettingshausen  and  Gardner. 
Glycyrrhiza  deperdita  Unger. 
Glyptostrobus  europaeus  Brongniart. 
Grevillea  hermionif.  Ettingshausen  and  Gardner. 
Grewiopsia  integerrima  Ettingshausen  and  Gardner. 
Hightea  elliptica  Bowerbank. 

turbinata  Bowerbank. 
Hiraea  intermedia  Ettingshausen  and  Gardner. 
Ilex  atlantica  Ettingshausen  and  Gardner. 
Juglandites  cernuus  Saporta. 
Juglans  pree-parschlugiana  Ettingshausen  and  Gardner. 

sharpei  De  la  Harpe. 
Lauris  agathophyllum  Unger. 

haidingeri  Ettingshausen. 
jovis  De  la  Harpe. 
lalages  Unger. 
ocoteides  Lesquereux. 
primigenia  LTnger. 
salteri  De  la  Harpe. 
Bocialis  Lesquereux. 
Bwoszowiciana  Unger. 
vetusta  Saporta. 
Leguminosites  callisemaefolium  Ettingshausen  and  Gard- 
ner, 
pachyphyllus  Ettingshausen  and  Gardner. 
Lomatia  brittanica  Ettingshausen  and  Gardner. 
Magnolia  stygia  Ettingshausen  and  Gardner. 
Malpighiastrum  banisterinum  Ettingshausen  and  Gardner, 
grandifolium  Ettingshausen  and  Gardner, 
prae-venosum  Ettingshausen  and  Gardner- 
Marattia  hookeri  Ettingshausen  and  Gardner. 
Mimositea  prae-cassiaeformis  Ettingshausen  and  Gardner. 
MjTica  acuminata  Unger. 
haeringiana  Unger. 
lignitum  Unger. 
sagoriana  Ettingshausen. 
salicina  Unger. 
MjTsine  erdae  Ettingshausen  and  Gardner. 
Myrtus  eocenica  Ettingshausen  and  Gradner. 
Nelumbium  buchii  Ettingshausen. 
Notelaa  primigenia  Ettingshausen  and  Gardner. 
Nymphsea  doris  Heer. 

Nyssa  alumensis  Ettingshausen  and  Gardner, 
europa^a  Unger. 

prae-striolata  Ettingshausen  and  Gardner. 
Olea  brittanica  Ettingshausen  and  Gardner. 
Palseolobium  haeringianum  Unger. 
heterophyllum  Unger. 
prae-radobojense  Ettingshausen  and  Gardner, 
sotzkianum  Unger. 
Persoonia  eocenica  Ettingshausen. 
Phaseolites  eriosemaefolius  Unger. 
Phyllites  apocynoides  Ettingshausen  and  Gardner, 
arbutoides  Ettingshausen  and  Gardner, 
cecropioides  Ettingshausen  and  Gardner, 
crassipies  Ettingshausen  and  Gardner, 
densinervis  Ettingshausen  and  Gardner, 
elaeocarpoides  Ettingshausen  and  Gardner, 
euphorbioides  Ettingshausen  and  Gardner, 
ficoides  Ettingshausen  and  Gardner, 
franguloides  Ettingshausen  and  Gardner. 
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Phyllites  freae  Ettingshausen  and  Gardner. 

gargantuse  Ettingshausen  and  Gardner, 
hederacevis  Ettmgshau.=en  and  Gardner. 
liilticia  Ettingshausen  and  Gardner, 
hymenaeoides  Ettingsliausen  and  Gardner, 
lantanoides  Ettingshausen  and  Gardner. 
mjTtaceus  Ettingshausen  and  Gardner, 
nimrodis  Ettingshausen  and  Gardner, 
nerthi  Ettingshausen  and  Gardner, 
sapindoides  Ettingshausen  and  Gardner, 
simaruboides  Ettingshausen  and  Gardner, 
syringeeformis  Ettingshausen  and  Gardner, 
veledse  Ettingshausen  and  Gardner. 
Physolobium  antiquum  Unger. 
orbiculare  Unger. 
Pisonia  eocenica  Ettingshausen. 
Pistacia  Ijrittanica  Ettingshausen  and  Gardner. 
Pittosporum  eocenicum  Ettingshausen  and  Gardner. 
Planera  ungeri  Ettingshausen. 
Podocarpus  eocenica  Unger. 
Podogonium  obtussissimum  Ettingshasen  and  Gardner. 

sheppyense  Ettingshausen  and  Gardner. 
Populus  eocenica  Ettingshausen  and  Gardner. 
Porana  ceningenesis  Al.  Braun. 
Proteoides  crassipes  Ettingshausen  and  Gardner. 
Prunus  druiduni  Ettingshausen  and  Gardner. 

pygmaeorum  Ettingshausen  and  Gardner. 
Pterospermites  dentatus  Ettingshausen  and  Gardner. 
Pterospermum  eocenicum  Ettingshausen  and  Gardner. 
Quercus  bournensis  Ettingshausen  and  Gardner. 
drymeja  Unger. 
lonchitis  Unger. 
lyellii  Heer. 

proe-lonchitis  Ettingshausen  and  Gardner, 
prse-mediterranea  Ettingshausen  and  Gardner. 
viburnifolia  Lesquereux. 
Rhamnus  acutangula  Ettingshausen  and  Gardner. 

prw-pomaderris  Ettingshausen  and  Gardner. 
prse-reclinervis  Ettingshausen  and  Gardner. 
Rhusallantidis  Ettingshausen  and  Gardner. 


Rhus  cyclophylla  Ettingshausen  and  Gardner. 

prisca  Ettingshausen. 
Rhytisma  eucalypti  Ettingshausen  and  Gardner. 

priscum  Ettingshausen  and  Gardner. 
Sabal  major  Unger. 

Salix  pra>-integra  Ettingshausen  and  Gardner, 
rhedfe  Ettingshausen  and  Gardner, 
tenuit'olia  Ettingshausen  and  Gardner. 
Salmalia  borealis  Ettingshausen  and  Gardner. 
Santalum  acheronticum  Ettingshausen. 
microphylhim  Ettingshausen. 
osyrinum  Ettingshausen. 
salicinum  Ettingshausen. 
Sapindus  angustitolius  Lesquereux. 

crassinervis  Ettingshausen  and  Gardner, 
eocenicus  Ettingshausen  and  Gardner, 
falcifolius  AL  Braun. 
Sapotacites  emarginatus  Heer. 

eocenicus  Ettingshausen  and  Gardner, 
sideroxyloides  Ettingshausen. 
Saurauja  robusta  Saporta. 

Sclerotium  antiquum  Ettingshausen  and  Gardner. 
Sequoia  couttsia;  Heer. 

langsdorfii  Brongniart. 
Smilax  lancifolia  Ettingshausen  and  Gardner. 
Sophora  europsea  Unger. 
Sterculia  labrusca  Unger. 

sigfridi  Ettingshausen  and  Gardner. 
Symplocos  brittanica  Ettingshausen  and  Gardner. 
Temstroemia  bilinica  Ettingshausen. 

eocenica  Ettingshausen  and  Gardner. 
Ulmus  antiqulssima  Saporta. 

plurinervia  Unger. 
Vaccinium  acheronticum  Unger. 

eocenicum  Ettingshausen  and  Gardner. 
Vitis  prae-tentonica  Ettingshausen  and  Gardner. 
Zizyphus  integrifolius  Heer. 

pachjTieuris  Ettingshausen  and  Gardner, 
ungeri  Heer. 
vetustus  Heer. 


Jsle  of  Sheppey  flora  as  determined  hy  Ettingshausen} 


Acer  ep. 

Agave  eocenica  Ettingshausen  and  Gardner. 
Amomum  sheppyensis  Ettingshausen  and  Gardner, 
stenocarpum  Ettingshausen  and  Gardner. 
Amygdalus  eocenica  Ettingshausen  and  Gardner. 

sporadum  Ettingshausen  and  Gardner. 
Apeiobopsis  variabilis  (Bowerbank). 

Apocynophy  Hum  sheppyensis  Ettingshausen  and  Gardner. 
Areca  prisca  Ettingshausen  and  Gardner. 

recentior  Ettingshausen  and  Gardner. 
Aronium  eocenicum  Ettingshausen  and  Gardner. 
Asterocaryum  europaeum  Ettingshausen  and  Gardner. 
Bactris  prisca  Ettingshausen  and  Gardner. 
Bauhinia  primigenia  Ettingshausen  and  Gardner. 
Callitris  comptoni  (Bowerbank). 

curta  (Bowerbank). 
Carpolithes  afEnis  Ettingshausen  and  Gardner. 

amygdaloides  Ettingshausen  and  Gardner. 

atlantidis  Ettingshausen  and  Gardner. 


Carpolithes  biococculatus  Ettingshausen  and  Gardner, 
bispermus  Ettingshausen  and  Gardner, 
breviangulatus  Ettingshausen  and  Gardner, 
brevicristatus  Ettingshausen  and  Gardner, 
bruceoides  Ettingshausen  and  Gardner, 
caryopsiformis  Ettingshausen  and  Gardner, 
caryotoides  Ettingshausen  and  Gardner, 
circumscriptus  Ettingshausen  and  Gardner, 
colletioides  Ettingshausen  and  Gardner, 
costatus  Ettingshausen  and  Gardner, 
cruciferinus  Ettingshausen  and  Gardner, 
disciformis  Ettingshausen  and  Gardner, 
folliculiformis  Ettingshausen  and  Gardner, 
franguloides  Ettingshausen  and  Gardner, 
hydrophylloides  Ettingshausen  and  Gardner, 
lineatus  Ettingshausen  and  Gardner, 
metrosideroides  Ettingshausen  and  Gardner, 
morrisii  Ettingshausen  and  Gardner, 
musaeformus  Etingshausen  and  Gardner. 


I  Proc.  Roy.  Soc.  London,  vol.  29, 1X79,  pp.  3S8-396. 
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Carpolithes  naptearum  Ettingshausen  and  Gardner, 
nknrodis  Ettingshausen  and  Gardner, 
nysssetormis  Ettingshausen  and  Gardner, 
populoides  Ettingshausen  and  Gardner, 
pluriocculatus  Ettingshausen  and  Gardner, 
punctatostriatus  Ettingshausen  and  Gardner, 
radiotopunctatus  Ettingshausen  and  Gardner, 
reticulatorugosus  Ettingshausen  and  Gardner, 
subalatus  Ettingshausen  and  Gardner. 
Bulcatus  Ettingshausen  and  Gardner, 
tenuepunctatus  Ettingshausen  and  Gardner, 
verrucosus  Ettingshausen  and  Gardner, 
websterioides  Ettingshausen  and  Gardner, 
zizyphoides  Ettingshausen  and  Gardner, 
zoroastri  Ettingshausen  and  Gardner. 
Caulinites  sheppyensis  Ettingshausen  and  Gardner. 
Chamaerops  borealis  Ettingshausen  and  Gardner. 
Cinchonidium  priscum  Ettingshausen  and  Gardner. 
Corchorites  quadricostatus  Ettingshausen  and  Gardner. 

quLnquecostatus  Ettingshausen  and  Gardner. 
Corylus  primigenia  Ettingshausen  and  Gardner. 
Cotoneaster  sheppyensis  Ettingshausen  and  Gardner. 
Cucumites  sheppyensis  Ettingshausen  and  Gardner. 
Cupania  corrugata  ( Bowerbank) . 
depressa  (Bowerbank). 
grandis  (Bowerbank). 
inflata  (Bowerbank). 
lobata  (Bowerbank). 
pygmsea  (Bowerbank). 
subangulata  (Bowerbank). 
tumida  (Bowerbank). 
Cupiessinites  elongatus  Bowerbank. 
globosus  Bowerbank. 
recurvatis  Bowerbank. 
subfusiformis  Bowerbank. 
Cyperites  eocenicus  Ettingshausen  and  Gardner. 
Diospyros  eocenica  Ettingshausen  and  Gardner, 
pleadum  Ettingshausen  and  Gardner. 
Elseis  eocenica  Ettingshausen  and  Gardner. 
Eucalypttis  oceanica  Unger. 
Eugenia  eocenica  Ettingshausen  and  Gardner. 
Euphorbiophylluni  eocenicum  Ettingshausen  and  Gardner. 
Faboidea  acuta  Bowerbank. 

angustissima  Bowerbank. 
bifalcis  Bowerbank. 
complanata  Bowerbank. 
crassa  Bowerbank. 
crassicutis  Bowerbank. 
doliformis  Bowerbank. 
larga  Bowerbank. 
longiuscula  Bowerbank. 
marginata  Bowerbank. 
oblonga  Bowerbank. 
ovata  Bowerbank. 
pinguis  Bowerbank. 
plana  Bowerbank. 
planidorsa  Bowerbank. 
planimeta  Bowerbank. 
quadrapes  Bowerbank. 
robusta  Bowerbank. 
rostrata  Bowerbank. 
semicursdlinearis  Bowerbank. 
subdisca  Bowerbank. 


Faboidea  subrobusta  Bowerbank. 
subtenuis  Bowerbank. 
symmetrica  Bowerbank. 
tenuis  Bowerbank. 
ventricosa  Bowerbank. 
Hightea  elegans  Bowerbank. 
elliptica  Bowerbank. 
inflata  Bowerbank. 
minima  Bowerbank. 
orbicularis  Bowerbank. 
oviformis  Bowerbank. 
turbinata  Bowerbank. 
turgida  Bowerbank. 
Hybothya  crassa  (Bowerbank). 
Illicium  apollinis  Ettingshausen  and  Gardner. 
Iriartea  punctata  Ettingshausen  and  Gardner. 

striata  Ettingshausen  and  Gardner. 
Juglans  eocenica  Ettingshausen  and  Gardner. 
Laurus  lalages  I'nger. 

Lawsonia  europa?a  Ettingshausen  and  Gardner. 
Leguminosites  Eequilateralis  Bowerbank. 
cordatus  Bowerbank. 
crassus  Bowerbank. 
curt  us  Bowerbank. 
dimidiatus  Bowerbank. 
elegans  Bowerbank. 
enormia  Bowerbank. 
gracilis  Bowerbank. 
inconstans  Bowerbank. 
lentiformis  Bowerbank. 
lobatus  Bowerbank. 
longissimus  Bowerbank. 
planus  Bowerbank. 
reniformis  Bowerbank. 
rotundatus  Bowerbank. 
subquadrangularis  Bowerbank. 
subovatus  Bowerbank. 
trapoziformis  Bowerbank. 
Liquidambar  eocenicum  Ettingshausen  and  Gardner. 
Livistona  eocenica  Ettingshausen  and  Gardner. 
Magnolia  eocenica  Ettingshausen  and  Gardner. 
Menispermatacites  abutoides  Ettingshaiosen. 
Metrosideros  microcarpa  Ettingshausen  and  Gardner. 
Mimosites  brownianus  Bowerbank. 
Musa  eocenica  Ettingshausen  and  Gardner. 
Nelumbium  buchii  Ettingshausen. 

microcarpum  Ettingshausen  and  Gardner. 
Nipa  burtini  (Brongniart). 
elliptica  (Bowerbank). 
lanceolata  (Bowerbank). 
parkinsonis  (Brongniart). 
semiteres  (Bowerbank). 
Nyssa  eocenica  Ettingshausen  and  Gardner. 
CEnocarpus  sheppyensis  Ettingshausen  and  Gardner. 
Petrophiloides  conoideus  Bowerbank. 
imbricatus  Bowerbank. 
oviformis  Bowerbank. 
Pinus  sheppyensis  Ettingshausen  and  Gardner. 
Podogonium  sheppyenses  Ettingshausen  and  Gardner. 
Proteoides  bisulcatus  Ettingshausen  and  Gardner. 
Prunus  druidum  Ettingshausen  and  Gardner. 

prisca  Ettingshausen  and  Gardner. 
Quercus  drymeja  Unger. 


152 


UPPER    CRETACEOUS    AND    EOCENE    FLORAS    OF    SOUTH    CAROLINA    AND    GEORGLii. 


Quercus,  eocenica  Ettingshausen  and  Gardner. 

lonchitis  Unger. 
Sabal  dianse  Ettingshausen  and  Gardner. 

dryaduni  Ettingshausen  and  Gardner, 
major  Unger. 

oreadum  Ettingshausen  and  Gardner. 
Salisburia  eocenica  Ettingshausen  and  Gardner. 
Sapindus  eocenicus  Ettingshausen  and  Gardner. 
Sapotacites  chrysophylloides  Ettingshausen  and  Gardner. 

mimusops  Ettingshausen. 
Sequoia  bowerbankii  Ettingshausen  and  Gardner. 
Smilax  pristina  Ettingshausen  and  Gardner. 
Solanites  elegans  Ettingshausen  and  Gardner. 
Solenostrobus  corrugatus  (Bowerbank). 
semiplotus  (Bowerbank). 
subangulatus  (Bowerbank). 
sulcatus  (Bowerbank). 
Sphseria  flabellariae  Ettingshausen  and  Gardner. 
Strychnos  urani  Ettingshausen  and  Gardner. 


Symplocos  radobojana  Unger. 
Theobroma  nimrodis  Ettingshausen  and  Gardner, 
zoroastri  Ettingshausen  and  Gardner. 
Thlaspidium  ovatum  Ettingshausen  and  Gardner. 
Tricarpellites  aciculatus  Bowerbank. 
communis  Bowerbank. 
crassus  Bowerbank. 
curtus  Bowerbank. 
gracilis  Bowerbank. 
patens  Bowerbank. 
rugosus  Bowerbank. 
Thrinax  bowerbankii  Ettingshausen  and  Gardner, 
var.  elliptica. 
var.  globosa. 
Victoria  najadum  Ettingshausen  and  Gardner. 

sheppyensis  Ettingshausen  and  Gardner. 
Wetherellia  variabilis  Bowerbank. 
Xulinosprionites  latus  Bowerbank. 

zingiberiformis  Bowerbank. 


This  list,  though  it  leaves  much  to  be  desired,  shows  that  the  flora  of  this  horizon  indicates 
a  considerably  warmer  climate  than  the  floras  wliich  preceded  it,  though  it  is  doubtful  that  it 
was  as  tropical  in  character  as  Gardner  represented  it  to  be. 

The  middle  Eocene,  with  which  the  Claiborne  is  more  directly  comparable,  is  divided  by 
De  Lapparent  into  the  Lutetian  and  Bartonian  stages.  The  Lutetian,  the  lower  part  of  the 
Parisian  of  D'Orbigny,  is  marked  by  an  advance  of  the  sea,  both  in  Europe  and  America.  In 
France  the  sea  advanced  southward  beyond  the  old  Suessonian  sliore  line  around  Paris,  to  the 
west,  and  north  into  Belgium.  A  similar  arm  of  the  sea  extended  across  the  present  site  of  the 
Pyrenees.  Practically  all  Italy  and  a  large  part  of  Austria-Hungary  were  submerged  and  a 
great  Mediterranean  or  Nummulitic  sea  extended  from  the  Atlantic  eastward  to  the  Indian 
Ocean,  over  southeastern  Europe,  northern  Africa,  and  southwestern  Asia,  and  with  possibly 
a  narrow  northern  outlet  to  the  Arctic  Ocean  across  the  Russian  Empne.  The  calcaii'e  grossier 
beds  of  the  Paris  basin  are  ty|ncally  marine  below,  becoming  lacustrine  or  fluviatUe  above 
(calcaire  grossier  superieur) .  Bureau  '  has  described  a  few  plants  from  these  beds,  the  number 
including  species  of  Nitophyllum,  Pandanus,  FlabeUaria,  Sabal,  Palmacites,  Yucca,  and  Nuphar. 
In  the  upper  beds  at  Trocadero,  near  Paris  (argile  verte  hgnitifere),  an  estuary  flora,  largely 
undescribed,  occurs.  Species  identified  from  this  locality  include  Dryandra,  Euplwrhiophi/lluin 
vetus,  Nerium  parisiensis,  Ottelia  parisiensis  (which  is  comparable  with  the  Potamogeton 
described  in  tliis  report),  Pandanus  lutetianus,  and  Zizi/pJius  pseudoungeri.  The  characteristic 
large  floating  seeds  of  Nipadites  hurtini,  also  found  at  this  place,  suggest  an  environment  like 
that  of  Grovetown.  The  Monte  Bolca  plant  beds  of  Italy,  with  then  numerous  and  large  palms, 
are  in  general  of  character  similar  to  these  other  locahties.  The  plant  beds  of  the  Bagshot 
sands  and  Bournemouth  clays  of  southern  England,  and  possibly  those  of  Antrim  and  MuU 
described  by  J.  Starkie  Gardner,  also  belong  at  about  the  same  level.  The  south  coast  flora, 
of  which  the  angiosperms  have  never  been  described  or  figured,  includes  the  following  forms : 


FiLICALES: 

Acrostichuni  lanzaeanum  (Visani). 
Adiantiun  apalophyllum  Saporta. 
Anemia  subcretacea  (Saporta)  Ettingshausen  and 

Gardner. 
Asplenites     prae-allosuroides     Ettingshausen     and 

Gardner. 
Gleichenia  hantonensis  (Wanklyn)  Ettingshausen 

and  Gardner. 
Glossochlamys     transmutana     Ettingshausen     and 

Gardner. 


FiLICALES — Continued . 

Goniopteris    stiriaca    (Unger)    Ettingshausen    and 

Gardner. 
Ilewardia  regia  Ettingshausen  and  Gardner. 
Lygodum  kaulfussi  Heer. 

Meniphylluni  elegans  Ettingshausen  and  Gardner. 
Osmunda  lignitum  (Giebel)  Heer. 
Phegopteris   bunburii    (Heer)    Ettingshausen    and 

Gardner. 
Phegopteris    prae-cuspidata     Ettingshausen     and 

Gardner. 


I  Etudes  sur  la  flore  fossile  du  calcaire  grossier  parisien,  M^m.  Soe.  Pliilom.,  1S88,  pp.  235-264,  Pis.  XXII  and  XXin. 
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CoNiFERALEs — Continued. 

Podocarpus?  incerta  Gardner. 

Sequoia  couttsise  Heer  (considered  an  Artlirotax- 
opsis  by  Gardner). 

Sequoia  toumalii  (Brongnart)  Saporta. 
Monocotyledons  : 

Niunerous  specimens  of  both  fan  and  feather  palms 
(Iriartjea,  Phoenix,  Calamus,  and  Nipa). 
Dicotyledon.e: 

Castanea-like  leaf  (=Godoya?  according  to  Gardner) . 

Ficus. 

Myrica. 

Cinnamomum. 

Dioscorea. 


FiLicALE^s — Continued . 

Phymatodes  affine  Ettingshausen  and  Gardner. 
PhjTnatodes     pulj-podioides     Ettingshausen     an 

Gardner. 
Pteris  bournensis  Ettingshausen  and  Gardner. 
Pteris  eocenica  Ettingsluxusen  and  Gardner. 
Woodwardia?  venosa  Ettingshausen  and  Gardner. 

CoNrPBRALES: 

Araucaria  goepperti  Sternberg. 
Cupressus  taxiformis  TJnger. 
Glyptostrobus  (Gardner). 
Glyptostrobus  eocenum  (Gardner). 
'  Pinus  bowerbankii  Carruthers. 
Pinus  dixoni  Bowerbank. 
Podocarpus  eocenica  linger. 

The  flora  of  the  pottery  days  and  lignites  of  Bovey  Tracey  in  Devonshh-e  was  fully  described 
by  Heer  '  in  1863,  who  referred  it  to  the  Aquitanian.  This  determination  was  questioned  by 
J.  Starkie  Gardner,^  who  considered  the  Bovey  Tracey  flora  to  be  of  the  same  age  as  that  from 
Bournemouth,  or  Lutetian.  Notwithstanding  the  inadequacy  of  the  evidence  m  support  of 
Gardner's  opinion,  it  was  generally  accepted,  especially  in  Great  Britain.  Recently  Clement 
and  Eleanor  M.  Reid  ^  have  reexamined  both  the  geology  and  the  flora  of  Bovey  Tracey  and 
have  corroborated  Heer's  conclusion  that  these  thick  deposits  (160  meters)  are  a  unit  of  upper 
Oligocene  age.  They  are  considered  homotaxial  with  the  Wetterau  lignites  of  Gennany  (Aqui- 
tanian or  lower  Miocene  of  the  fifth  edition  of  De  Lapparent). 

The  Bartonian  or  upper  Parisian  takes  its  name  from  the  Barton  clays  of  England  (100 
meters  thick),  with  an  undescribed  flora,  and  there  are  scattered  florules  of  this  age  from  various 
localities  in  France  and  Italy.  Such  a  florule  from  Brives  in  Velay  has  been  partially  de.scribed 
by  Saporta.^  It  includes  the  foUowmg  genera:  Acacia?,  Andromeda,  Comptonia,  Dryandra, 
Laurus,  Leguminosites,  Magnolia,  Myrica,  Myrsme,  Phoenix,  Populus,  Quercus,  SabaUtes, 
Sapotacites,  Sapindus,  Sophora  ?,  and  Zanthoxylon  ?. 

From  Mam,  Anjou,  and  Vendee,  m  western  France,  Crie  in  various  contributions  ^  has 
described  a  flora  of  this  age  in  more  than  50  species,  referred  to  the  following  genera:  ^biacardites, 
Anemia,  Andromeda,  Apeiobopsis,  ApocynophyUum,  Bambusa,  Bumelia,  Celastrus,  Diospyros, 
Echitonium,  Ficus,  Flabellaria,  Lam-us,  Lygodium,  Mormda,  Mvrica,  Myrsine,  Nerium,  Palma- 
cites,  Podocarpus,  Quercus,  Sabalites,  and  others. 

The  upper  Eocene — Ludian,  Priabonian,  and  Ligurian  (if  the  last  is  made  to  include  the 
"gypse,"  which  by  many  studentsis  placed  in  the  lower  Oligocene) — has  aricvli  flora,  that  described 
by  Saporta  ®  from  Aix  in  Provence,  France,  being  the  most  complete  and  remarkable.  It  is 
much  later  in  character  than  the  Claiborne  flora  and  need  not  be  considered  in  detail.  The 
floras  from  the  lignites  of  Haring  ^  m  the  Tyrol  and  from  Monte  Promuia  *  and  other  localities 
in  Dahnatia »  belong  at  about  this  level  or  slightly  higher. 

In  North  America,  on  the  border  between  the  Cretaceous  and  the  Eocene  in  the  Rocky 
Mountain  provuice,  a  large  number  of  local  floras  appear.  These  floras  are  found  in  the  Arapahoe 
and  Denver  formations  of  Colorado,  the  Livingston  formation  and  the  Lance  formation  ("Hell 
Creek  beds")  of  Montana,  the  "Ceratops  beds"  (Lance  formation)  of  "Wyoming,  and  in  various 


■  Heer,  OswliI.1,  On  the  fossil  flora  of  Bovey  Traeey:  Philos.  Trans.  Roy.  Soc.  London,  vol.  152B,  1862,  pp.  1039-1086,  Pis.  LV-LXXI. 
!  On  the  correlation  of  the  Bournemouth  marine  series  with  the  Bracklesham  beds,  the  upper  and  middle  Bagshot  beds  of  the  London  basin 
and  the  Bovey  Tracey  beds;  Geol.  Mag.,  1879,  pp.  14S-154. 

J  The  lignite  of  Bovey  Tracey:  Philos.  Trans.  Roy.  Soc.  London,  vol.  201B,  1910,  pp.  161-178,  Pis.  XS'-XVL 
'  Essai  descriptif  sur  les  plantes  fossiles  des  arkoses  de  Bri%-es  prfts  le  Puy-en- Velay,  1878. 

5  Annales  sci.  g«ol.,  vol.  9,  1877,  pp.  1-72,  Pis.  VIII-XXII;  Bull.  Soc.  Linn.  Normandie  (lU),  vol.  1, 1877,  pp.  121-123;  vol.  2, 1878,  pp.  46-501 
Compt.  rend.,  vol.  92,  1881,  p.  759;  vol.  100,  1885,  p.  870;  vol.  103,  ISSfi,  pp.  487,  699,  894,  1143. 

«  Etudes  sur  la  v«g6tation  du  sud-est  de  la  France  k  r«poque  tertiaire:  Ann.  sci.  nat.,  botaniquc,  s6r.  5,  vol.  9,  1868,  suppl.  1,  Revision  dels 
flore  fossile  des  gypses  d'Aix;  s«r.  7,  vol.  7, 1888,  Dcrniferej!  adjonctions  k  la  flore  fossUe  d'ALx-en-Provenee. 

'  Ettingshausen,  Constantin,  Ahhandl.  K.-k.  geol.  Reichsanstalt  Wien,  vol.  2,  Abth.  3, 1853,  pp.  1-118,  Pis.  I-XXXI. 

6  Ettingshausen,  Constantin,  Denkschr.  K.  Akad.  Wiss.  Wien,  Math.-nat.  Kl.,  vol.  8, 1854,  pp.  17-^4,  Pis.  I-XPV;  Sitiungsber.  K.  Akad.  Wiss. 
Wien,  Math.-nat.  Kl.,  vol.  12,  1854,  pp.  180-182. 

'  Kemer,  Fritz  v.,  Tertiiirpflanzen  vom  Ostrande  des  Sinjsko  Polje  in  Dalmatien:  Verhandl.  K.-k.  geol.  Reichsanstalt,  1902,  pp.  342-344. 
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other  areas.  The  deposits  in  which  they  occur  consist  of  lacustrine,  fluviatile,  and  terrestrial 
deposits  derived  from  the  rismg  land  area  of  the  Rocky  Mountain  province.  Some  are  embraced 
in  what  Cross  has  termed  the  Shoshone  group,'  and  the  others  are  referred  by  Knowlton  ^  to 
what  he  calls  the  lower  member  of  the  Fort  Union  formation.  They  may  profitably  be  com- 
pared with  the  Paleocene  of  Europe.  AH  were  apparently  laid  down  subsequent  to  the  epeiro- 
genic  uplift  which  marks  the  close  of  the  conformable  Cretaceous  deposits  in  this  general  region, 
or,  m  other  words,  are  post-Laramie.  Their  floras  are,  according  to  F.  H.  Knowlton,  markedly 
distmct  from  that  of  the  true  Laramie  and  are,  on  the  other  hand,  essentially  identical  m  character 
with  the  flora  of  the  true  Fort  Union.  These  floral  relations  correspond  to  the  conformable 
sequence  by  which  the  deposits  pass  into  those  of  the  typical  Fort  Union  in  some  of  the  areas. 
Most  known  American  Eocene  floras,  however,  come  from  the  basal  Eocene  or  Fort  Union 
formation,  between  500  and  600  species  having  been  coUected  from  the  beds  of  this  age  (Thane- 
tian?).  This  flora  is  apparently  of  northern  origin  and  is  very  different  in  character  from  the 
Georgia  Eocene  flora.  It  is  characterized  by  species  of  Araha,  Celastrus,  Cocciilus,  Corylus, 
Elteodendron,  Ficus,  Ginkgo,  Glyptostrobus,  Grewiopsis,  Hicoria,  Juglans,  Onoclea,  Populus, 
Platanus,  Pterospermites,  Sapmdus,  Sequoia,  Taxodium,  Viburnum,  and  other  genera,  and 
presents  everywhere  an  unmistakable  botanical  facies.  Its  marked  contrast  with  the  Claiborne 
flora  of  Georgia  is  to  be  explained  in  part  by  the  fact  that  the  one  is  a  seacoast  flora  of  tropical 
afiinities,  whereas  the  other  is  an  uiland  flora,  in  the  main  of  temperate  afflnities,  although  it 
contains  pahns,  figs,  camphor  trees,  and  other  warm-temperate  types,  indicating  a  chmate 
moderately  warm  and  humid,  marked  by  mild  winters  but  far  from  tropical.  The  Fort  Union 
flora  is,  of  course,  a  much  older  Eocene  flora  than  that  of  the  Claiborne  of  Georgia,  wliich  is 
more  nearly  the  age  of  that  of  the  Green  River  formation  of  Wyoming.  Present  knowledge  of 
the  flora  of  the  Green  River  formation,  with  which  the  flora  of  the  Florissant  lake  beds  of 
Colorado  was  confused  by  Lesquereux,  is  due  to  the  labors  of  Lesquereux  ^  and  Newberry.^ 
As  described  by  these  authors,  excluding  that  of  the  much  younger  Florissant  lake  beds,  the 
Green  River  flora  embraces  the  following  number  of  species  in  the  genera  enumerated : 


Acrostichum,  1. 

Cissus,  1. 

Leguminosites,  1. 

Quercus,  2. 

Alnus,  1. 

Cyperus,  1. 

Lygodium,  1. 

Rhus,  1. 

Ampelopsis,  1. 

Equisetum,  1. 

Manicaria,  1. 

Sabal,  1. 

Aralia,  1. 

Eucalyptus?,  1. 

Musophyllum,  1. 

Salix,  2. 

Anmdo,  2. 

Ficus,  4. 

Myrica,  1. 

Sapindue,  1. 

Brasenia?,  1. 

Ilex,  2. 

Phragmites,  1. 

Sphaeria,  1. 

CheiJanthes,  1. 

Juglans,  3. 

Planera,  2. 

Zizyphus,  2. 

This  flora  indicates  a  considerably  warmer  chmate  than  that  of  the  Fort  Union,  for  it 
includes  such  tyjies  as  Acrostichum,  Manicaria,  and  Musophyllum.  It  furnishes  points  of 
contact  with  the  Georgia  Eocene  flora  in  the  species  of  Acrostichum,  which  is  very  close  to  the 
Georgia  species,  in  an  identical  species  of  Arundo,  and  in  the  common  generic  representation 
of  Ficus  and  Sapindus.  It  dift'ers  in  the  presence  of  genera  hke  Ilex,  Juglans,  Myrica,  Planera, 
Quercus,  Rhus,  Salix,  and  Zizyphus,  wliich  are  for  the  most  part  temperate  types. 

The  inland  flora  of  the  Georgia  area  contemporaneous  with  the  Claiborne  strand  flora,  if 
known,  would  undoubtedly  furnish  additional  forms  similar  to  those  of  the  Green  River  forma- 
tion, which  show  a  commmglmg  of  warm  temperate  and  tropical  types  such  as  are  found  m 
modern  times  in  the  subtropical  and  temperate  rain  forests  with  a  mean  amiual  temperature 
of  about  14^^  C,  uniform  humidity,  and  a  rainfall  exceeding  200  centimeters  per  annum. 

The  Green  River  formation,  on  the  evidence  of  its  vertebrate  remains,  is  correlated  by 
Osborn  ^  with  the  upper  Ypresian  of  France,  a  correlation  not  very  different  from  that  indicated 
by  the  accompanying  plant  remains,  which  suggest  a  comparison  with  the  more  recent  Lutetian 

»  Cross,  Whitman,  Proc.  Washington  Acad.  Sci.,  vol.  U,  1909,  pp.  27-45. 

'  ICnowlton,  F.  II.,  idem,  pp.  179-238. 

3  Lesquereux,  Leo,  Cretaceous  and  Tertiary  floras,  1S83. 

<  Newberry,  J.  S.,  The  later  extinct  floras  of  North  .\merica:  Mon.  U.  S.  Geol.  Survey,  vol.  35,  1898. 

s  Osborn,  H.  F.,  .\ge  of  mammals,  1910,  p.  42. 
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stage  of  the  Paris  basin.  The  Green  River  is  the  only  described  middle  Eocene  flora  known 
on  tliis  continent.  Other  Eocene  floras  deserving  of  mention  in  tliis  coimection  are  those  of 
the  Clarno  formation  in  the  John  Day  basin,  Oreg.,  and  the  so-called  ''Eolignitic"  flora  (Wilcox 
and  Midway  groups)  of  the  Mississippi  embayment.  The  lower  Clarno  flora  (Cherry  Creek, 
Oreg.),  is  lower  Eocene  in  age  and  includes  the  number  of  species  indicated  of  the  following 
genera:  '■ 

Aralia,  2.  Diospyros,  1.  Juglans,  2.  Pteris,  1. 

Asplenium,  1.  Equisetum,  1.  Lastrea,  1.  Quercus,  2. 

Cinnaraomum,  1.  Ficus,  1.  Lygodium,  1.  Rhamnus,  1. 

Comus,  1.  Hicoria,  1.  Magnolia,  2.  Salix,  1. 

It  has  been  compared  by  Knowlton  with  the  upper  Fort  Union  flora.  The  upper  Clarno 
flora  (Bridge  Creek,  etc.,  Oreg.)  is  of  upper  Eocene  age  and  has  been  compared  by  Knowlton 
with  the  Green  River  flora.     It  includes  the  number  of  species  indicated  of  the  following  genera :  ^ 

Acer,  2.  Cassia,  1.  Grewia,  2.  Quercus,  7. 

Alnus,  5.  Corj-lus,  1.  Hicoria,  1.  Rhamnus,  1. 

Ailanthus,  1.  Crataegus,  1.  Juglans,  4.  Sapindus,  1. 

Betula,  4.  Cinnamomum,  1.  Liquidambar,  1.  Sequoia,  2. 

Berberis,  1.  Ficus,  1.  Myrica,  1.  Ulmus,  2. 

Carpinus,  1.  Fraxinus,  2.  Platanus,  2. 

Neither  of  these  Jolm  Day  Eocene  floras  offers  any  points  of  resemblance  to  that  of  Georgia. 

The  "EoHgnitic"  flora  of  the  Mississippi  embayment  for  the  most  part  has  yet  to  be 
described.  Many  years  ago  Lesquereux  ^  tlescribed  various  collections  made  in  this  area  by 
Professor  Hilgard,  and  IloUick  ^  has  described  a  smaU  collection  from  Louisiana.  There  is  a 
very  large  field  for  future  work  in  this  area,  as  Tertiary  plants  in  a  most  exceUent  state  of 
preservation  are  cormnon  at  a  considerable  number  of  locaUties  in  Alabama,  Mississippi, 
Arkansas,  Temiessee,  Kentucky,  and  Louisiana.  All  these  described  lower  Eocene  plants 
appear  to  be  older  than  the  Claiborne  and  merit  a  few  comments.  In  Lesquereux's  report  such 
familiar  genera  as  Populus,  Salix,  Quercus,  Juglans,  and  MagnoUa  are  discussed,  but  not  all 
the  identifications  appear  to  be  well  founded.  In  the  writer's  judgment  the  SaHsburia  is  a 
fern  of  the  genus  Lygodium,  Populus  monodon  is  not  a  Populus  but  a  Ficus,  and  it  is  tloubtful 
if  Salix  worthenii  and  Salix,  tabeUaris  are  ^viUows.  Quercus  moorii  and  the  forms  identified  as 
Quercus  lyeUii  Heer  and  Quercus  cMorophylla  Unger,  the  writer  beheves,  are  hardly  oaks,  and 
the  latter  of  the  three  is  suggestive  of  Rhizophora.  The  Banksia  described  by  Lesquereux  is 
not,  in  the  writer's  opinion,  referable  to  that  genus;  and  Magnolia  Mlgardianu  and  Magnolia 
laurifolia  are  both  suggestive  of  TerminaUa.  Doubtless  modern  methods  of  coUectmg  and 
study  would  result  in  a  very  different  intrepretation  of  tliis  flora  and  would  furnish  much  data 
regarding  physical  conditions. 

The  writer  spent  parts  of  the  field  seasons  of  1910-1913  in  coUecting  in  the  embayment 
area.  Very  extensive  collections  were  made,  especially  from  the  Wilcox  group,  and  these 
coUections  are  being  elaborated  at  the  present  time.  Tliey  fully  confirm  the  above  statements. 
Tliese  floras  are  subtropical  Ln  character  and  show  many  features  similar  to  those  of  the  early 
Tertiary  floras  of  the  south  of  England  as  elaborated  by  Ettingshausen. 

Tlie  flora  described  by  HolUck  from  Louisiana  has  nothing  in  common  with  that  of  Georgia, 
and  the  fossils  might  well  have  been  compared  vrith  the  existing  arborescent  flora  of  the  American 
tropics  rather  than  with  fossil  plants  Usted  in  previously  pubhshed  works.  It  is  apparently  a 
more  tropical  flora  than  that  described  by  Lesquereux,  for  it  contains,  among  other  interesting 
tilings,  at  least  two  species  of  breadfruit  (Artocarpus) . 

1  Knowlton,  F.  H.,  BuU.  U.  S.  Geol.  Survey  No.  204,  1902. 

2  Knowlton,  F.  H.,loc.cit.  _ 

'  Lesquereux,  Leo,  .\m.  Jour.  Sci.,  2dser.,  vol.  27, 1859,  pp.  363-366:  Proc.  .A.m.  Philos.  Soc.,  new  ser.,  vol.  13, 1869,  pp.  411-430,  Pis.  XIV-XXH. 
<  Hollick,  Arthur,  in  Harris,  G.  D.,  and  Veatch,  Otto,  A  preUminary  report  on  the  geology  o(  Louisiana,  1900,  pp.  276-288,  Pis.  XXXU-XLVIU. 
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Knowlton  ^  has  described  a  few  fossil  woods  from  Arkansas  and  has  identified  a  small 
collection  of  leaf  remains  of  Eocene  age  from  Texas. ^  Penhallow^  has  also  described  some 
fossU  woods  from  the  Texas  Eocene. 

Other  American  Eocene  floras  deserving  of  mention  are  those  of  the  Kenai  formation  of 
the  north  Pacific  coast  region.*  They  have  nothing  in  common  with  the  Claiborne  flora  and 
are  said  to  be  of  upper  Eocene  age.  A  full  historical  sketch,  with  references  to  the  older  works 
and  lists  of  the  forms  collected,  is  given  in  various  papers  by  Knowlton.^  Their  chief  interest 
rests  on  the  fact  that  they  are  apparently  of  the  same  age  as  the  widespread  so-called  "Arctic 
Miocene"  of  Ileer.  Another  flora  of  upper  Eocene  age  correlated  with  the  upper  Clarno  flora 
of  the  John  Day  basin  in  Oregon  is  the  meager  one  described  by  Knowlton  from  The  DaUes, 
Oreg.,°  and  that  of  the  Payette  formation  collected  along  Snake  River  in  western  Idaho.'  These 
are  aU  so  far  removed  from  the  Georgia  area  and  are  also  so  much  younger  that  they  are  of 
shght  interest  in  the  present  connection. 

In  central  Washington  several  Eocene  formations  have  been  described  as  containing  fossil 
plants.'  The  oldest  of  these  is  the  Swauk  formation,  outcrojiping  just  east  of  the  Cascade 
Mountains.  The  flora,  as  yet  undescribed,  is  said  to  be  a  representative  one  and  is  remarkable 
for  its  large  and  abundant  palms  and  for  the  Central  American  and  tropical  South  American 
types  wliich  it  contains. 

Separated  from  the  Swauk  formation  b}^  several  hundred  or  thousand  feet  of  basaltic  lava 
flows  and  interbedded  tuffs  is  the  Roslyn  formation  bearing  an  Eocene  flora  of  a  more  temperate 
type,  apparently  lacking  palms  and  other  tropical  plants.  A  still  younger  Eocene  formation 
is  the  Manastash  formation,  which  contains  a  temperate  flora  as  yet  undescribed.  There  is 
also  an  extensive  but  undescribed  Eocene  flora  in  the  Puget  group  of  Washington  west  of  the 
Cascade  Mountains.' 

ECOLOGIC    CONDITIONS    INDICATED   BY  THE  BOTANIC    CHARACTER  OF  THE 

FLORA. 

The  Georgia  Claiborne  flora  is  not  extensive,  as  it  embraces  only  17  wefl-defined  species, 
and  these  forms  are  not  representative  of  the  Claiborne  flora  as  a  whole  but  are  for  the  most 
part  representative  of  a  single  or  at  most  two  plant  associations — one  the  strand  flora,  confined 
to  the  beach  and  extending  inland  where  the  edaphic  factors  were  favorable,  and  the  other  the 
coastal  swamp  flora,  more  or  less  confined  to  muddy  or  possibly  sandy  shores  between  low  and 
high  tide. 

These  17  species  are  distributed  in  fifteen  families  and  include  one  fungus,  one  fern,  and 
four  MonocotyledonEe — a  reed,  a  Potamogeton,  a  Pistia,  and  a  palm.  There  are  11  Dicotyle- 
donse,  representing  the  families  Ulmacese,  Fagacese,  Morace^,  Nyctaginaceae,  Mimosacese, 
Lauracefe,  Terminahacese,  Rhizophoraccie,  Dodonseacese,  and  Sapindacese.  No  gymnosperms, 
which  are  usually  represented  in  European  Lutetian  floras,  at  least  by  the  genus  Podocarpus, 
have  been  discovered.'"  The  following  table  of  described  species,  all  of  wliich  are  new  to  science, 
gives  in  one  column  the  described  fossil  species  with  which  the  Georgia  plants  are  compared 
and  in  another  the  geologic  occurrence  or  range  of  these  species.  A  third  column  shows  the 
existing  species  with  which  these  Claiborne  plants  are  most  closely  allied  and  a  fourth  column 
the  geographic  distribution  and  the  character  of  the  habitat  of  these  species. 

1  Knowlton,  F.  H.,  Ann.  Rept.  Geol.  Survey  Arkansas  for  1889,  1890,  vol.  2,  pp.  249-267,  Pis.  IX-XI. 

2  Knowlton,  F.  H.,  in  Vaughan,  T.  W.,  Am.  Geologist,  vol.  16,  1895,  pp.  308,  309. 

'  Penhallow,  D.  P.,  Trans.  Roy.  Soo.  Canada,  3d  ser.,  vol.  1,  sec.  4,  1908,  pp.  93-113. 
*  This  flora  is  being  studied  by  Dr.  HoUick. 

'  Knowlton,  F.  II.,  Harriman  Alaska  Expedition,  vol.  4,  1904,  pp.  149-162,  Pis.  XXII  and  XXIII;   Bull.  Geol.  Soc.  America,  vol.  5,  1S93,  pp. 
673-590;  Proc.  U.  S.  Nat.  Mus.,  vol.  17,  1894,  pp.  207-240,  PI.  IX. 

«  Knowlton,  F.  H.,  Bull.  U.  S.  Geol.  Survey  No.  204, 1902,  p.  112. 

'  Knowlton,  F.  n.,  Eighteenth  Ann.  Rept.  U.  S.  Geol.  Survey,  pt.  3,  1898,  pp.  721-744,  Pis.  XCIX-CU. 

8  Knowlton  in  Smith,  G.  O.,  Mount  Stuart  folio  (No.  100),  Geol.  Atlas  U.  S.,  U.  S.  Geol.  Survey,  1904,  pp.  6  and  7. 

•Knowlton,  F.  H.,  in  WiUis,  Bailey,  and  Smith,  G.  O.,  Tacoraa  folio  (No.  54),  Geol.  Atlas  U.  S.,  U.  S.  Geol.  Survey,  1899,  p.  3. 

'"  The  writer  has  recently  found  the  genus  Arthrota.xis,  a  coastal  type,  in  the  Eocene  deposits  of  the  Mississippi  embayment. 
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Acrostichum  georgianum. 

Anrndo  pseudogoepperti. . 
Castanea  claibomensis 


Conocarpus  eocenica. . 
Dodongea  viscosoides. 


Ficus  claibomensis. 
Malapoenna  sp 


Momisia  americana. . . 
Pisonia  claibomensis. 
Pistia  claibomensis. . . 


Potamogeton  megaphyllus., 
Rhizophora  e 


Sapindus  georgiana 

Sphaerites  claibomensis 

Teraiinalia  phseocarpoides. 
Tlirinax  eocenica 


Fossil  species  for  comparison. 


Range. 


Li  ving  species  for  comparison. 


Habitat  and  range. 


Acrostichum 
Newberrj'. 


Arundo    goepperti     (Mon- 
ster)  Heer. 


/Eugenia  aizoon  Unger ■\nH«nPPTiP 

\Eugenia  hteringiana  Unger. .  /■^"eocene. 


Dodongea  species  of  Europe. 
Ficus  species 


Cinnamomum  si>ecies. 


Upper  Eocene  and 

OUgocene. 
Eocene 


Eocene... 
Liginian. 


Acrostichum  aureum  Linn^. 


Arundo  donax  Linn^.. 


Conocarpus  erectus  Linn6. 
Dodonaea  viscosa  Linn^ . . . 


Ficus  sp 

Malapoenna    geniculata 

(Walt.)  Coulter. 
Momisia  aculeata  (Swartz) 

Klatsch. 
Pisonia        macranthocarpa 

Donnell  Smith. 
Pistia  stratiotes  Linn^ 


Otteliaparisiensis  Saporta. . 

Rhizophora  mangle  Linn6 

(Sapindus  aflBnls  Newberry. 

I  Sapindus  angustifolius  Les-  |  I^weT'Eocene  of  '[sapindussaponariaLinn^.. 
I    quereux.  Gulf.  ij 

Sphitrites   m>Ticae   (Lesq.)     Green  River Various  PjTenomycetes 

Mesch. 
Terminalia  radobojensis  Un- 1  Tongrian  to  Astian]  TerminaliapbaeocarpaEich- 

ler. 
Thrinaxsp 


Flabellaria  raphifolia  (Stern- 
berg) Ettingshausen. 


Swamps,     Florida     to     Brazil. 

Africa,   Asia,    Polynesia,   ana 

Australia. 
Wet   places,   Mediterranean  r^ 

gion. 
Uplands,  Maine  to  Alabama. 

[Muddy  or  sandy  shores,  Florida 
to  Galapagos  Islands,  west 
[    tropical  Africa. 

Florida  keys  and  tropical  shores 
of  both  hemispheres. 

Beach  jungle  of  tropical  America. 

Shallow  ponds,  Georgia  to  Lou- 
isiana. 

Florida  keys  and  throughout 
tropical  America. 

Shore  zone.  Central  America. 

Aquatic  floating  plant,  tropics 
and  subtropics  of  Old  and  New 
Worids. 

Tidal  flats,  American  tropics  and 
subtropics. 

fStrand,   Bermuda  and    Florida 
[    keys  to  South  America. 


Strand,  northern  South  America. 
Florida  keys  and  West  Indies. 


a  Not  the  other  recorded  occurrences. 

Before  considering  the  facts  which  may  be  legitimately  deduced  from  this  fossil  flora  it 
might  be  valuable  to  point  out  frankly  to  what  extent  the  writer  feels  certain  of  his  identifica- 
tions. It  is  believed  that  all  the  identifications  have  been  made  with  unusual  care  and  that  a 
considerably  larger  amount  of  comparative  livmg  material  has  been  passed  in  review  than  is 
generally  customary.  The  National  Herbarium  and  the  collection  of  the  New  York  Botanical 
Garden  have  been  carefully  searched  for  modern  analogues  of  these  fossil  leaves;  the  latter 
institution  is  especially  rich  in  comparative  material  because  it  has  been  so  active  of  late  years 
m  West  Indian  exploration.  It  is  believed  that  the  following  genera  are  positively  recognized: 
Acrostichum,  Castanea,  Dodonsea,  Ficus,  Conocarpus,  Rhizophora,  Pistia,  Sapmdus,  Sphserites, 
and  Thrinax.  With  regard  to  the  genus  Rhizophora,  other  tropical  genera  have  somewhat 
similar  coriaceous  leaves,  but  the  associated  species  m  the  Claiborne  and  the  contemporary 
physical  conditions  serve  firmly  to  corroborate  this  identification.  Both  TeiTumalia  and 
Momisia  are  less  certamh'  identified.  They  are  types  of  leaves  that  might  belong  to  other  and 
mirelated  genera;  this  is  especially  true  of  the  Momisia,  though  both  fossils  agree  remarkably 
well  in  their  characters  with  the  leaves  of  the  recent  species  with  which  they  have  been  compared 
and  fossil  leaves  similar  to  those  which  have  been  here  referred  to  Terminalia  are  elsewhere 
accompanied  b}^  characteristic  fruits.  The  Pisonia  agrees  perfectly  with  the  leaves  of  the 
existing  species  with  which  it  has  been  compared,  and  is  generically  identical  with  other  fossil 
leaves  so  identified.  The  reference  of  the  Ai'undo  to  the  grasses  is  positive,  but  m  so  far  as  its 
generic  aflanity  is  concerned  the  writer  has  simply  conformed  to  paleobotanic  usage.  The  form 
classed  as  Potamogeton  may  not  be  a  Potamogeton,  although  it  resembles  that  genus  very  closely 
and  is  most  certamly  a  monocotyledon  of  aquatic  or  semiaquatic  habit. 

In  examinmg  these  Claiborne  forms  and  the  ecology  of  the  modern  types  with  which  they 
have  been  compared,  it  ^vill  be  observed  that  only  three  species,  the  Castanea,  the  Pistia,  and 
the  Potamogeton,  are  not  coastal  forms,  and  that  the  two  last-named  forms  are  aquatics  whose 
presence  associated  with  coastal  s"\vamp  or  strand  plants  is  not  difficult  to  explain.  The  Castanea, 
then,  apparently  represents  the  only  upland  type  preserved  in  this  flora,  and,  as  it  is  not  common, 
the  presumption  is  strong  that  it  was  brought  down  to  the  basin  of  sedimentation  by  some 
Eocene  river,  most  likely  by  the  river  which  it  seems  certain  emptied  into  this  Claiborne  estuary. 
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It  is  interesting  to  note  that  the  remaining  12  species  are  all  plants  of  a  coastal  habitat, 
their  modern  representatives  flourishing  in  tidal  nipa  swamps  of  the  Orient,  in  mangrove  swamps 
of  the  Orient  and  Occident,  on  the  strand  in  beach  jungle,  or  on  the  landward  side  of  coastal 
sand  dunes.  Nearly  all  are  represented  by  forms  found  in  the  existmg  flora  on  the  Florida  keys 
or  along  the  shores  of  penmsular  Florida,  some,  like  the  Conocarpus,  flourishing  equally  well  on 
either  muddy  or  sandy  shores.  Every  species  has  representatives  iii  the  American  tropics, 
and  four  of  the  compared  forms,  Conocarpus  erectus,  Dodonsea  viscosa,  Rhizophora  mangle,  and 
Sapindus  saponaria,  range  northward  to  Bermuda.  In  Schimper's  classical  work  on  the  Indo- 
Malayan  strand  flora  the  foUowuig  representation  of  species  m  genera  which  occur  in  the  Claiborne 
flora  may  be  noted : 


Acrostichum  (Chrysodium),  1  ep. 

DodonEea  (viscosa),  1  sp. 

Eugenia,  2  sp.  (represented  in  West  Africa  and  in  America 

by  the  allied  genus  Conocarpus). 
Ficus,  1  sp. 


Malapoenna  (Litssea),  1  sp. 
Pisonia,  4  sp. 
Rhizophora,  2  sp. 
Sapindus,  1  sp. 
Terminalia,  1  sp.  (catappa). 


Of  these  the  Sapindus,  Terminalia,  Dodonsea,  Ficus,  Malapoeima,  and  Pisonia  are  more 
particularly  elements  m  the  littoral  forest  (beach  jungle  of  Kiu-z,  Barringtonia  formation  of 
Schunper) ;  the  others  are  mtegral  members  of  or  rather  intimately  associated  with  the  Khizophora 
or  Nipa  associations.  It  is  really  remarkable  to  what  an  extent  the  identified  elements  in  the 
Claiborne  flora  of  Georgia  agree  in  indicating  the  character  of  their  habitats,  which  were  tidal 
Rhizophora  swamps  at  certam  points  in  the  Grovetown  estuary  where  the  conditions  were 
favorable,  and  elsewhere  the  sand  beaches  or  the  rain  forests,  which,  if  they  did  not  come  down 
to  the  water's  edge,  were  developed  behiud  the  dunes  that  possibly  in  places  formed  the 
highest  mner  margm  of  the  beach. 

The  Claiborne  species  of  Conocarpus,  Dodonsea,  Ficus,  Pisonia,  Rhizophora,  Sapindus, 
and  Terminalia  all  have  more  or  less  coriaceous  leaves,  due  to  a  combination  of  factors  of  which 
the  following  may  be  enumerated.  Tliose  which  grew  below  the  level  of  high  tide  had  to 
withstand  the  saluiity  of  the  estuary  waters  and  those  which  grew  above  high  tide  in  more  or 
less  exposed  situations  had  to  withstand  the  dr\dng  effect  of  windblown  salt  spray,  which  must 
have  been  considerable  and  wliicli  undoubtedly  was  an  important  factor,  just  as  it  is  in  sunilarly 
situated  plant  associations  in  the  exLstuig  flora.  Another  factor  was  the  strong  light  of  low 
latitudes,  to  which  was  added  reflection  from  the  water  in  the  mangrove  swamps  and  from  the 
sand  in  the  beach  jungles. 

Certain  deductions  regardmg  the  clunate  and  ramfall  of  the  latitude  of  Grovetown  in 
Claiborne  time  can  be  drawn  from  the  distribution  of  the  modern  allies  of  these  fossil  forms. 
Since  they  are  all  rather  miiform  in  their  distribution,  the  accompanj-ing  sketch  map  (fig.  11) 
showing  the  geographic  range  of  the  modern  species  of  Rhizophora  wiU  serve  in  a  measure  for 
aU  the  genera. 

The  present  winter  isotherm  in  the  latitude  of  Grovetown  is  approximately  48°  F.  None 
of  the  closely  aUied  motlern  plants  flourish  north  of  the  winter  isotherm  of  52°  F.  and  most  of 
them  do  not  occur  north  of  the  winter  isotherm  of  60°  F.  None  of  the  fossil  forms  except 
possibly  the  Potamogeton,  the  modern  species  of  which  range  over  a  great  many  degrees  of 
latitude,  or  the  Castanea,  which  likewise  has  a  wide  range,  would  be  expected  to  occur  outside 
the  latitudes  where  what  Schunper  caUs  the  subtropical  or  warm  temperate  rain  forests  are 
foimd.  We  would  expect  the  Claiborne  climate,  at  least  at  low  elevations  along  the  coast  and 
in  proximity  to  the  warm  Eocene  ocean  current  or  currents,  to  have  been  uniformly  humid, 
with  an  annual  rauifall  somewhere  between  150  and  200  centimeters.  The  actual  rainfall  could 
become  a  more  or  less  negligible  factor  provided  the  water  table  approached  close  to  the  surface 
and  the  humidity  was  high  and  constant.  The  temperature  would  have  to  be  uniform  rather 
than  hot,  judging  by  modern  standards,  for  any  degree  of  whiter  cold  would  have  been  fatal. 
Tliis  clunate  need  not  have  been  tropical,  nor  would  it  be  surprismg  if  the  Claiborne  marhie 
fauna  failed  to  show  tropical  forms  or  reef  corals,  for  the  mam  factors  which  would  lunit  the 
spread  of  a  flora  like  the  one  described  would  be  imiform  humidity,  ample  ramfaU,  and  the 
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absence  of  severe  cold.  In  the  existing  flora  these  favorable  factors  permit  the  existence  of  an 
almost  tropical  plant  growth  in  New  Zealand  uplands,  in  latitude  40°  south,  and  a  quasi-tropical 
vegetation  might  flourish  much  more  readily  in  latitude  33°  north  in  Eocene  time,  particularly 
along  a  coast.  ]\Iinimum  tempcratm-es  mark  the  limits  of  distribution;  other  factors,  such  as 
soil,  humidity,  and  rainfall,  furnish  optmium  conditions  for  development  within  these  wider 
limits.' 

Such  considerations  are  in  a  lai-ge  measure  corroborated  by  the  results  of  investigations 
of  the  conditions  m  Europe  at  this  time.  It  is  weU  known  that  the  middle  Eocene  floras  of 
Em-ope  show  many  tropical  characters  absent  in  the  lower  Eocene.  These  characters  first 
become  marked  in  the  fruits  from  the  London  clays  and  the  leaves  from  AJum  Bay  and  in 
homotaxial  deposits  on  the  Contment,  and  though  it  was  formerly  the  conunon  practice  to 
correlate  these  floras  with  Australian  or  African  types,  they  show  closer  affinities  with  the 
modern  floras  of  Malaysia  and  tropical  America,  as  was  long  ago  suggested  by  Gardner.     The 


Figure  U. — Sketch  map  showing  the  distribution  of  existing  spe^-ies  of  Rhizophora. 

sketch  map  forming  figure  12  (p.  160)  will  bring  this  out  very  weU.  It  shows  the  distribution  of 
the  modern  genus  Nipa  and  of  the  Eocene  genus  Nipadites,  which  is  indistinguishaljle  from 
the  modern  Nipa.  Nipa  has  only  one  existing  species,  which  uihabits  the  tidal  waters  of 
the  Indian  Ocean  and  ranges  from  India  through  the  Malay  Archipelago  to  the  Philippines, 
vying  with  the  mangroves  for  possession  of  the  tidal  flats.  It  produces  clusters  of  large  floating 
fruits,  and  similar  fruits  form  the  basis  for  the  genus  Nipadites.  As  shown  by  the  map,  these 
tropical  or  subtropical  floras  ranged  northward  m  Europe  at  this  time  to  southern  England  or, 
on  this  continent,  to  about  the  latitude  of  Newfoundland.  These  Eocene  Nipa  swamps  furnished 
a  congenial  habitat  for  a  species  of  Acrostichum  closely  aUied  to  the  one  described  from  the 
Georgia  Claiborne,  and  other  comparable  forms  are  not  wanting.  A  species  of  Pandanus  is 
associated  with  Nipadites  in  the  Paris  basia  just  as  the  two  are  found  associated  at  the  present 
time  in  the  Oriental  tropics,  and  many  similar  occuiTences  could  be  mentioned. 

The  Lutetian  abroad  and  the  Claiborne  in  this  country  are  both  characterized  bj^  a  consider- 
able transgression  of  the  sea. 

'  The  real  factor  recognized  in  the  foregoing  statement  is  not  so  much  killing  cold  as  length  of  growing  season. 
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As  the  Claiborne  flora  of  Georgia  indicates  more  tropical  conditions  than  the  known  earlier 
Eocene  floras,  it  seems  probable  that  its  direction  of  advance  was  from  the  tropics  northward. 
The  Claiborne  strand  flora  was  so  largely  dependent  upon  warm  ocean  currents  for  its  dispersal 
and  survival  that  an  Eocene  representative  of  the  Gulf  Stream  can  be  safely  assumed.  Even 
if  the  course  of  this  current  was  offshore,  the  coastal  area  was  mider  its  dii'ect  influence  by 
reason  of  accessory  or  counter  cmTents  of  similar  character.  Tidal  currents  more  or  less  trans- 
verse to  the  shore  line  and  muior  wind-blown  currents  assisted  in  carrying  the  oceanic  drift 
into  the  shallows  and  through  the  inlets  into  the  estuaries,  or  over  the  sand  bars  into  the  lagoons. 
Judguig  from  modern  conditions  ui  comparable  areas  the  general  direction  of  the  prevailmg 
winds  was  either  parallel  with  or  transverse  to  the  coast  luie,  and  though  considerable  minor 
variations  probably  existed,  their  general  direction  was  probably  from  the  southeast  during 
the  greater  part  of  the  year. 

In  studying  the  present  flora  the  writer  became  much  interested  in  the  means  of  dissemi- 
nation of  its  modern  allies.     It  has  been  shown  that  certam  species  of  Eugenia,  Terminalia, 


fiGUEE  12.— Sketch  map  showing  the  distribution  ot  Nipa  (northwest-soulhcast  ruling)  and  Nipadites  (northeast-southwest  ruling). 

Rhizophora,  Pisonia,  and  Sapmdus  have  become  adapted  for  dispersal  tluough  the  agency  of 
ocean  currents  by  specialization  of  thek  fruits  or  seeds,  which  have  developed  air  chambers 
or  woody  husks  for  buoyancy  and  practically  impervious  covermgs  to  exclude  sea  water  from 
their  vital  parts.  Best  known,  perhaps,  is  the  extreme  specialization  of  the  mangrove,  which 
sends  its  germmating  plantlets  out  mto  the  world  fully  prepared  to  anchor  tliemselves  hi  water 
of  the  reqmi'ed  depth.  The  somewhat  shnilar  specialization  of  the  other  membei-s  of  this  flora, 
though  less  hi  degree,  is  almost  as  effective,  judgmg  by  the  geographic  distribution  of  these 
genera  hi  the  existuig  flora,  so  that  the  part  played  by  ocean  currents  is  considerable,  despite 
the  contrary  opinion  of  De  CandoUe.  Hemsley  has  even  recorded  seeds  of  such  a  plant  as 
Sapindus  saponaria  washhig  ashore  on  the  south  coast  of  Bermuda  and  actually  germmating; 
in  fact,  this  author  gives  a  large  amount  of  mterestuig  data  upon  the  dispersal  of  plants  by 
ocean  cmrents  m  his  discussion  of  insular  floras  hi  the  Challenger  report  devoted  to  such  floras. 
Other  species  of  the  Georgia  Claiborne  flora,  particularly  species  of  Ficus,  may  be  supposed  to 
have  been  distributed  by  fruit-eathig  bhds;  hi  fact,  the  seeds  of  a  number  of  modern  species 
of  Ficus  have  been  recorded  from  the  crops  of  liirds.     Tlie  same  means  of  distribution  may 
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have  been  also  applied  to  the  Malapoenna,  but  no  data  oonoerning  methods  of  distribution  are 
available  for  the  small  remainder  of  the  Claiborne  forms. 

It  can  be  readily  shown  that  the  existmg  flora  of  peninsular  Florida,  the  Bahamas,  and 
Bermuda  contains  a  large  element  which  has  been  derived  in  comparatively  recent  geologic 
times  from  the  south.  Almost  the  entire  flora  of  the  Bahamas  and  Bermuda  has  had  such  an 
origin.  If,  however,  geographic  distribution  is  studied  in  the  light  of  historical  geology,  the 
main  elements  in  these  modern  floras  wiU  be  found  to  have  been  already  in  existence  in  the 
middle  Eocene,  if  not  earlier.  Such  study  shows  that  nearly  all  the  modern  plant  families, 
except  possibly  the  most  speciaUzod  forms,  as  the  orchids  among  the  Monocotyledonfe  or  the 
Composite  and  their  allies  among  the  Dicotyledona?,  were  at  some  period  more  widely  distributed 
than  they  are  at  the  present  time,  and  that  the  details  of  modern  distribution  represent  not  so 
much  the  mterchange  of  different  types  between  continents  as  the  greater  or  less  degree  of 
segregation  of  descendants  of  forms  once  spread  over  much  wider  areas.  This  generalization 
is  made  even  more  emphatic  when  the  comparisons  embrace  the  floras  of  the  Upper  Cretaceous, 
although  the  certainty  of  identification  based  upon  foliar  characters  for  many  genera  varies 
more  or  less  directly  ^vith  the  length  of  time  that  they  have  been  preserved. 

From  a  study  of  the  Claiborne  flora  it  is  evident  that  the  main  elements  of  the  modern 
flora  of  tropical  America  reached  at  least  as  far  north  as  latitude  33°  and  probaldy  several 
degrees  farther  in  the  middle  Eocene,  and  that  in  post-Eocene  tune,  probably  not  until  toward 
the  close  of  the  Tertiary,  they  retreated  southward  to  the  West  Indies,  Central  America,  and 
northern  South  America  as  the  result  of  lowering  temperatures  or  duninished  ramfall  or  both. 
Therefore,  though  the  strictly  modern  movement  of  the  subtropical  flora  along  the  course  of  the 
Gidf  Stream  has  been  from  the  south  toward  the  north  as  the  various  coral  islands  of  the  Bahamas 
formed,  this  dispersion  was  preceded  by  smiilar  migrations  on  a  much  more  extended  scale 
durmg  the  early  Tertiary.  From  a  study  of  the  marine  faunas  of  Florida  DaU '  places  this 
change  of  climate  at  the  close  of  the  Ohgocene  and  predicates  ^  a  southwardly  flowing  cold 
ocean  current  to  account  for  it. 
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Figures  1,  2.  Dryopterites  stephensoiii  Berry 103 

1.  Type  found  near  Byron. 

2.  Pinnule  of  same,  X  6. 

Figure  3.  Doryanthites  cretacea  Berry  (tyjje,  found  near  Buena  \'ista) 108 

All  the  specimens  are  from  the  Eutaw  formation. 
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Page. 
Figures  1-10.  Androvettia  elegans  Berry 103 

1-4.  Specimens,  natural  size,  from  McBrides  Ford. 
5-7.  Same,  X  4. 

8,  9.  Apical  part  o£  two  lateral  twigs,  X  45. 
10.  Epidermis,  X  205. 
All  the  specimens  are  from  the  Eutaw  formation. 
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Page. 
Figures  1,  2.  Araucaria  hladenensis  Berry 105 

1.  Figure  of  a  specimen  from  Horrell  Landing,  N.  ('.,  to  illustrate  the  method  of  occurrence 

at  Chimney  Bluff,  Ga. 

2.  Method  of  occurrence  near  Buena  VL^ta. 

Figure  3.  Salix  eutawensis  Berry,  the  most  complete  specimen  from  Broken  Arrow  Bend 109 

Figure  4.  Ficus  krausiana  Heer,  Cliimney  Bluff 110 

Figures  5-7.  Ficus  ovatifolia  Berry,  McBrides  Ford Ill 

All  the  specimens  are  from  the  Eutaw  formation. 
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PLATE  XX. 

Figure  1.  Picus  grorgiana  Berry,  near  Buena  Vista Ill 

Figures  2—4.  Eucalyptus  angusta  Velenovsky,  near  Buena  Vista 119 

Figure  5.   Magnolia  boulayana  Lesquereux,  McBrides  Ford 112 

Figure  6.  Magnolia  capdUnii  Heer,  McBrides  Ford 112 

Figure  7.  Aralia  (utawensis  Berry,  McBrides  Ford 119 

All  the  specimens  are  from  the  Eutaw  formation. 
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Page. 

Figures     1-i.   Menispermites  varuihUis  Berry,  McBrides  Ford - H^ 

Figures    5,6.  Paliurus  upatoiensis  Berry,  McBrides  Ford 116 

Figure          7.  Zizyphus  laurifolius  Berry,  McBrides  Ford -  -  -  H'' 

Figure          8.  Oinnamomum  heerii  Lesquereux  (?),  JIcBrides  Ford - 118 

Figures  9-11.  Oinnamomum  newberryi  Berry ,  McBrides  Ford H^ 

.\I1  Ihe  specimens  are  from  the  Eutaw  formation. 
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Manihotites  georgiana  Berry,  type  specimen  from  Eutaw  formation  at  McBrides  Ford 11-1 
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Manihotites  rjeorgiana  Berry,  type  specimeu  from  Eutaw  furniiilioii  at  Jlcliriiles  Ford 114 
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PLATE  XXIV. 

Page. 

Figure  1.  Andromeda  novsecsesarese  Hollick,  near  Buena  Vista 120 

Figure  2.  Andromeda  cretacea  Lesquereux  (?),  McBrides  Ford 120 

Figure  3.  Andromeda  wardiana  Lesquereux,  McBrides  Ford 120 

Figures  4,  5.  Manihotites  georgiana  Berry;  fragmentary  specimens  collected  near  Buena  Vista 114 

Figure  6.  Picas  daibornensis  Berry  with  Sphxrites  claibornensis  Berry,  Fiske  property,  Grovetown 148,156 

Figure  7.  Arundo  pseudogoepperti  Berry,  Phinizy  Gully,  near  Grovetown 150 

All  the  specimens  except  those  shown  in  figures  6  and  7  are  from  the  Eutaw  formation. 
The  specimens  shown  in  figures  6  and  7  are  from  the  Congaree  clay  member  of  the  McBean  for- 
mation. 
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Thrinaxcoccnica  Berry,  type  from  Coiigaree  clay  memljer  of  the  McBean  format 'ou  at  Fiske  projierty ,  Grovetown .        13G 
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PLATE  XXVI. 

Page. 
Figures  1,2.  Pistia  daibomensis  Berry 137 

1.  Type  from  Fiske  property,  Grovetown. 

2.  Same,  showing  traces  of  venation. 

Figure  3.   Thrlimx  eocenica  Berry,  fragment  from  Fiske  property,  Grovetown,  two-thirds  natural  size 136 

All  the  specimens  are  from  the  Congaree  clay  member  of  the  McBean  formation. 
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Figure  1.  Acrostichum  georgianum  Berry,  type  from  Phinizy  Gully  near  Grovetown 133 

Figure  2.  Potamoyeton  megaphyllus  Berry,  type  from  Phinizy  Gully  near  Grovetown loo 

Figures  3,  4.  Ficus  claibnrnensis  Berry,  type  specimens  from  Finke  property,  Grovetown 140 

Figures  5-9.  Mimosites  gcorgianus  Berry,  Phinizy  Gully  near  Grovetown 142 

Figure  10.  Malapoenna  sp.,  10  miles  south  of  Macon 144 

Figures  11,  12.  Sapindus  georgiana  Berry,  Phinizy  Gully  near  Grovetown 143 

Figure  13.   Jlomuia  americana  Berry,  type  specimen  from  Phinizy  Gully  near  Grovetown 139 

All  the  specimens  are  fromthe  Congaree  clay  member  of  the  McBean  formation. 
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PLATE  XXVIII. 

Page. 
Figures  1,  2.  Castanea  claibomensis  Berry 138 

1.  Type  from  Fiske  property,  Grovetown. 

2.  Restoration  of  sam?. 

Figure  3.  Pisonia  claibomensis  Berry,  type  specimen  from  Phinizy  Gully,  near  Grovetown 140 

Figures  4-8.  Dodoiisea  viscosoides  Berry 142 

4,  5,  7.  Phinizy  Gully,  near  Grovetown. 
6,  8.  South  of  Macon. 

All  the  specimens  are  from  the  Congaree  clay  member  of  the  McBean  formation. 
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Figures  1,  2.  Rhizophora  eo:eniea  Berry 144 

1.  Phinizy  Gully,  near  Grovetown. 

2.  Near  Sandersville. 

Figure  3.   Terminalia  phxocarpoides  Berry,  Fi.^ke  property,  Grovetown 14(; 

Figures  4-7.   Conocarpus  eocenica  Beny 147 

4-6.  Phinizy  Gully,  near  Grovetown. 
7.  Fi.^ke  property,  Grovetown. 

All  the  specimens  are  from  the  C'ongaree  elay  member  of  the  McBean  formation. 
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Abietites - .       22 

Acacia 46, 65, 153 

brittanica 148 

sotzkiana 148 

Acaciaphy lutes 45-46 

grcTilleoides 45-46, 60. 68, 69,72,  SS 

Acer 150, 15.i 

eocenicum 148 

prse-decipicns 148 

Acerates  amboyense 70 
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Acrostichum 131, 133-134, 139, 154, 157, 158, 159 

aureum 160, 157 

georgianum 131, 133-134, 157, 186 

hesperimn 133, 157 

la  nzseanum 133, 152 

Actinostrobe^ 122 

Aclcnopeltis  alumensis 148 

Adiantum  apalophyllum 150 

Agave  eocenica 150 

Ailanthus 155 

Alabama,  fossils  of 70, 71 

Algites 14 

americana 11, 14, 68, 69, 72 

valdensis : 14 

Alnus 45,134,155 

Alum  Bay,  England,  fossils  of 148-150 

Alyxiaeuropiea ^ 148 

Amomum  sheppyensis 150 

stenocarpum 150 

Ampelopis 42, 154 

Amygdalus  eocenica 150 

pereger 148 

prse-oeningensis 148 

sporadum 150 

tenue-striata 148 

Anacardiacese 51-53 

Anacarditcs 153 

Andromeda 45, 5S-60, 03,  CG,  67, 120-121, 122, 126, 153 

cretacea 101, 130,125,  MO 

euphorbioifliylloides  59-60, 68, 69, 72,  OS 

grandifolia 10, 59, 60, 69, 72, 9S 

latifolia 1      59 

novaecajsareae 58-59, 69, 72, 98, 102, 120, 126, 180 

n  orieai  Icarae 58 

parlatorii 10, 58, 60, 69, 72 

protogaia 148 

tenuinervis 121 

wardiana 101, 130-131, 125,  ISO 

Androvettia 67, 103-105, 113 

carolincnsis 70, 104 

elegans 101, 103-105, 125, ;«« 

statenensis 104 

Anemia  subcretacea 14S,  152. 1.i3 

Angiospermaj 27-63, 134-147 

Anona  cyclosperma 14S 

clongata 148 

Anthurium 42 

Apeiobopsis 153 

variabilis loO 

Apocynophyllum 153 

grande 148 

hferingianum 148 

prEe-amsonia 148 

sheppyensis 150 

titania; 148 
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Apocynum 45 

Araceje 42, 137-1.38 

Arales 137-138 

Aralia 07, 119, 122, 126, 154, 156 

coriacea 51, 60 

daphnophyllum lis 

eutawensis 101, 1 19, 125,  /ra 

furcata 115 

newberryi 119 

primigenia 148 

Araliaceae 57-58, 06, 115, 119 

Araucaria 19-21. 03, 68, 105, 118, 122 

bidwilli 19, 20, 21 

bladenenf  is 11, 

19-30, 21, 56, 72, 76, 102, 105, 120, 125, 126, 127,  IW 

clarki 70 

cookii 21 

darliugtonensis ; 11, 30, 08, 69, 72, 7fi 

tiiii 21 

goepperli 153 

hatcheri 20 

jeffreyi 10, 31-21, 69, 72, 102, 105, 107, 125, 127 

toucasi 20 

Araucariacea! 19, 31, 64, 67 

Araucariefe   22, 122 

distribution  of,  figures  showing 123, 124 

Araucarinac 104 

Araucarites  ovat^s 19 

rcichenbachi 23 

Areca  prisca 150 

recentior 150 

Arecacese 1.36-137 

Arecales 39-30. 136-137 

Arissema 42 

Aristolochia  alumensis 148 

Aronium  eocenium 148, 150 

Arthrotaxopsis 153 

Artocarpacea: ■. 36-39, 140 

Artocarpidium  grandifoliura 148 

integrilolium 148 

Artocarpus 171 

Anindo 38,04,67,134-135,154,157 

donax 134,157 

goeppcrti 134, 148, 157 

groenlandica 10, 38, 69, 72, 7S 

pseudogoepperti 131, 134-135, 157,  ISO 

reperta 134 

Ashby's  place,  S.  C,  fossils  at 11-12, 72 

Asplenites  pree-aUosuroides 152 

Asplenium 155 

Asterocarpiim  europseum 150 

B. 

Bactris  prisca .• 150 

Balanus 131 

Bambusa 153 

Bambusium  lat  itolium 108 

Banksia 155 

diUenoidcs 148 

ungeri 148 

Bauhinia 113 

primigenia 150 

Berberis 155 

Bertrand,C.  E.,  cited 18 

Betula 155 

Black  Creek,  S.  C,  fossils  on 11,72 
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Black  Creek  formation,  correlation  of 68-71 

deposition  of 12-14 

fossils  of 68-72,128 

occurrence  and  character  of 7-8 

Bombax  menjtE ^^^ 

sagorianura ^^^ 

tenuinerve 1^® 

Brachyphj-UaceiB 2 1-33 ,  64 

Brachyphyllum 31-33, 67 

crassicaule ^^^ 

crassum ^^ 

macrocarpum 31-33,64,69,72,76,106,125 

var.  formosura 101 

obesiforme  var.  elongatum 106 

Brasenia ^^ 

Britton,  N.  L.,  cited 141 

Broken  Arrow  Bend,  Ga.,  fossils  at 101, 121, 125, 128 

Buena  Vista,  Ga.,  fossils  near 102, 121, 126, 128 

view  at 102 

Bumelia 1^3 

dryadum I'lS 

oreadum 148 

Bureau,  E.,  cited 152 

Byron,  Ga.,  fossils  near 102,121,126-128 

C. 

Caesalpinla 46, 65 

semula 148 

cookiana 46 

haidingeri 148 

middendorfensis 46,69,72,90 

CsesalptniaceEe 40 

Calamopsis 30 

Calamus 153 

Callicarpa 51 

Callicoma  fornacis 148 

Callistemophyllum  diosraoides 148 

elegans 148 

melaleuc£efomie 148 

obtusum 148 

Callitris  comptoni 150 

cnrta 148,150 

Calycites 63 

middendorfensis 63, 68, 69, 72, 90 

Carex 64 

clarkii 10,69,72 

Carpinus 155 

Carpolithes  affmis 150 

alumensis 148 

amydaloides 150 

atlantidis 150 

biococculatus 150 

bispermus .■ 150 

breviangulus 150 

brevicristatus 150 

bruceoides 150 

caryopsiformis 150 

caryotoides 150 

circumscriptus 150 

colletioides 150 

costatus 150 

crassipes 148 

cruceriferiuiis 150 

disciformis 150 

elliptico-valvatus 148 

folliculiformis 150 

franguloidcs 150 

hydrophylloides 150 

lineatus 150 

metrosideroides 150 

morrisii 150 

muspeformus 150 

napeerinn 148, 151 

nimrodis 151 

nyssseformis 151 

populoides 151 

pluriocculatus 151 

prae-boveyanus 148 


Carpolithes  punctatostriatus 151 

radioto-punctatus 151 

reticulatorugosus 151 

subalatus 151 

sulcatus 151 

tenucpiinctalus 151 

tricoccinus 148 

verrucosus 151 

websteroides 151 

zizyphoides 151 

zoroastri 151 

CashuaEoad,  S.  C,  fossils  on 11,72 

Cassia 155 

berenices 148 

flscheri 148 

feronlse 148 

hyperborea 148 

memnonia 148 

phaseolites 148 

prae-lignitum 148 

prae-memnonia 148 

prae-phaseolites 148 

prse-sagorina 148 

prse-stenoph;lla 148 

pseudo-glandulosa 148 

sagoriana 148 

ungcri 148 

zephyri 148 

Carex 39 

clarkii 39 

Castanca 138-139,153,157,158 

claibornensis 131, 138-139, 157, 188 

dentata 129, 138, 157 

nana 139 

pumila 139 

vulgaris 139 

Castanopsis 139 

Caulinites  inguircndus 14 

sheppyensis 151 

Cecropia 115 

eocenica 148 

Cedrela  primigenia 148 

Celastraceae 49-51 

Celastrophyllum 50-51,63,65 

carolinensis 10, 51,  C9, 72, 96 

crenatum 50, 69, 72 

elegans 10,50,09, 72,9« 

undulatium 148 

undulatum 70 

Celastrus 1.53, 154 

arctica 42 

elsenus 148 

fengEe 148 

myricinus 148 

prse-europEBUs 148 

salidse 148 

tafnis 148 

Celtis 36,140 

crassifolia 37 

iguanens 140 

reticulata 37 

woodward! 149 

Cephalotaxitcs  Insignis 18 

Cephalotaxopsis 18 

Cephalotaxospermum 18-19 

carolinianum 11,18-19,72,76 

Cephalotaxus 18,19,68 

Ceratopetalum  crassipes 149 

haeringianum 149 

taanni 149 

Chamserops 30 

borealis 151 

Cheilanthes 154 

Chenopodiales 140-143 

Cheraw,  S.  C,  fossils  at 11,72 

Chimney  Bluff,  Ga.,  fossils  at 101-102, 121, 126, 128 

view  at 102 

Cliiropteris 115 
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Chondropliy Hum  norderskioldi 138 

Chrysodium  aureum 134, 158 

lanzeanum 133, 149 

Cinchonidium  laneolatum 149 

prae-bilinicum 149 

prae-lal  ifolium 149 

priscum 151 

Cinnamomum 36, 54-55, 

63,66,67,68, 117-118, 122, 139, 153, 155, 157 

albiflorum 55 

cliinensis 55 

eocenicum 149 

distribution  of,  figure  showing 124 

heerii 70,101, 118,119, 125, /r4 

intermedium 117 

middendorfensis 54-55, 68.69, 72, se,sa 

newberryi 10, 54-55,66, 69, 72,  SS,  101, 117-118,125,174 

polymorphum 149 

rossmsessleri 149 

sezannense 117 

Cissus 154 

aurorge 149 

celastrifolia. 149 

Citrophyllum 47-48, 65, 68 

aligerum 10, 47-48, 69, 72 

Citrus 47, 65 

Claiborne  group,  distribution  of 148 

fossils  from 129,131,132,156-157 

occurrence  and  character  of 129-130 

Clark,  W.  B.,  cited 128 

Clarno formation,  fossils  of,...' 155 

Clerodendron 61 

europaeum 149 

Climate,  Cretaceous,  nature  of 66-68, 122 

Climate,  Eocene,  nature  of 15&-159 

Cocculus 154 

cinnamomeus 55 

Columbia,  S.  C,  25  miles  below,  fossils  at 10 

Combretacefe : 146-147 

Compositse 161 

Comptoniaaculiloba 149,153 

Congaree  River,  S.  C,  fossils  on 10,72 

Coniferales 17-37,63,64, 103-107, 153 

Conocarpus 147, 157, 158 

arboreus 147 

eocenica 131, 157, 190 

erectus 147, 157, 158 

Copiafera  harpei 149 

prisca 149 

veladse 149 

Corchorites  quadricostatus 151 

quinquecostatus 151 

Cornophyllum  sp 70 

Cornus 155 

atlantica 149 

Corylus 154, 155 

primigenia 151 

Cotoneaster  sheppyensis 151 

Crassatellites  protexta 131 

Crataegus 155 

Cretaceous  climate,  nature  of 66-68 

Cretaceous  flora.     Sec  Georgia;  South  Carolina. 

Cri^,  L.,  cited 153 

Croton 65 

Crotonophyllum 48, 65, 69 

cretaceum 48 

pandur^formis 10, 48, 68, 69, 72, 54 

Cryptomcria  primseva 23 

Ctcnopteria  insignis 105 

Cucumites  sheppyensis 151 

Cunninghamia 25, 64 

elegajis 24 

Cunninghamites 24-25,  64,  106-107, 118, 126. 127 

elegans 10, 34-25, 69, 72, 102, 106-107 

oxycedrus 25 

squamosus -       24 

var.  densi/oUa 24 

Var.  lincaria 24 
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Curmingha mites  stembergil 27 

Cunonia 51 

Cupania  corrugata 149, 151 

depressa 149, 151 

grandis..: 149,151 

inflata 151 

lobata 149, 151 

pygmjea 15I 

subangulata 149, 151 

tumida 149, 151 

Cupresseacese 25-36, 64 

Cupressinites  elongatus 151 

globosus 149, 151 

recurvatis 151 

subf  usiJormis 151 

Cupressus  taxiformis 153 

Cusseta  sand  member,  correlation  of 126 

fossils  of 126 

occurrence  and  character  of 100 

view  of 102 

Cycadaceaa 16 

Cycadales 16,18,63,64 

Cycadinocarpus  circularis 70 

Cyperacese 29 

Cyperit  es  eocenicus 149, 151 

Cyperus 154 

Cjtherea  ovata  var.  greggi 131 

D. 

Dacrydium 67 

Dakota  sandstone,  fossils  of 71,72,126,128 

Dalbergia  cyclophylla 149 

eocenica 149 

haeringiana 149 

longifolia 149 

primeeva 149 

ungeri 149 

Dall,  W.  n.,  cited 161 

Dammara 67, 71 

borealis 70 


Daphne . 


45 

aquiranica 149 

Daphnogene  anglica 149 

hccri 118 

veronensis 149 

Darlington,  S.  C,  8  miles  east  of,  fossils  at 11,73 

Darton,  N.  H.,  cited 6 

Dawson,  J.  W.,  cited  48 

Delesseria 115 

ruscifolia 115 

Dewalquea 41-43, 65 

aquisgranensis 42 

coriacea 42, 43 

dakotensis 42 

gelindensis 42 

groenlandica 33,70 

haldemiana 42, 43 

insignis 42, 43 

pentaphylla 42, 43 

primordialis 42 

smithi 10,4/,  41-43,69,72,55 

trifoliata 42 

Dicksonia 67 

Dicot  yledon^e 30-63, 64, 67, 109-121, 122, 138-147, 153, 156, 161 

Dioscorea 169 

Diospyros 61-63,63,66,68,153,155 

eocenica 149, 151 

pleadum 151 

primseva 10, 61-62, 66, 69, 72,  d£,  53 

rotundifolia 10, 63, 66,69, 72,  SS 

virginiana 62 

Diplodonta 131 

Dipterocarpacese 63 

Dodonaea 142-143, 157 

prae-salicites 149 

prisca 143 

subglobosa 149 

vetusta 143 
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Dodonaea  viscosa 143, 157, 158 

viscosoides 131, 142-143, 157,  ISS 

Dodonaiceae 142-143,156 

Doryanthes 108 

Doryanthites 108-109, 113 

cretacea 102. 108-109, 126, 166 

Dryandra 153 

Dryanoideg 51 

quercinea 51 

Dryophyllum 154 

Dryopterites 67, 103, 122 

kennerleyi 103 

oersted! 103 

Stephenson! 102, 103, 127,  WS 

E. 

Ebenaceae 61-63 

Ebcnales 61-63,66 

Ech!nostrobus 22 

Echitonium 153 

Eleels  cocemca 151 

Elseodendron .■- . .      154 

dubium 149 

Engler,  A.,  cited 137 

Eocene  flora,  b!bl!ography  of 161-163 

See  also  Georgia. 

Eolirion 108 

Equisetum 154-155 

EricacesE 58-60, 130-131 

Ericales 58-60, 66, 130-121 

Ettingsbausen,  C.  von,  cited 27,117,145 

Eucalyptus 65-57, 63, 66, 67, 68, 119-130, 121, 122, 126, 154 

angusta 11, 55-56, 57, 66, 72, 9S,  101, 102, 119-130, 125, 126, 172 

angustifolia 56 

attenuata 70 

distribution  of.  figure  showing 125 

dubia 57 

geinitzii 10, 39, 56-57, 69, 72, 96,  SS 

liaeringiana 149 

latifolia 39 

linearifolia 57, 70 

nervosa 57 

oceanica 149, 151 

wardiana 67, 69, 72,9S 

Eugeinitzia 23 

Eugenia ; 158, 160 

aizoon 147, 157 

eocenica 151 

hjeringiana 147, 157 

primaeva 59 

Eugenis  apollinis 149 

Euphorbiacea; 48,65,114-116 

Euphorbiales 48,114-116 

Euphorbiopbyllum  eocenicum 151 

vetus  152 

Europe,  Eocene  floras  of 147-151 

Upper  Cretaceous  fossils  of 71,72,127-128 

Eutaw  formation,  correlation  of 125-126 

fossils  of 70.72,125 

occurrence  and  character  of 100 


Faboidea  acuta 151 

angustissima 151 

bifalcis 151 

151 


crassicutis 151 

doliformis 151 

larga 151 

longiuscula 151 

marginata 151 

151 


ovata 151 

pinguis 151 

plana 151 

planidorsa 151 

planlmeta 151 
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Faboidea  quadrape? 151 

robusta 151 

rostrata 151 

semicurvilinearis 151 

subdisca 151 

subrobusta 151 

subtenuis 151 

symmetrica 151 

tenuis 151 

ventricosa. 151 

Kagaceae 35-36,138-139,156 

Fagales 35-36, 1 38-139 

Fagus 67 

intermedia 149 

Ficus 36-39,63,65.68,69,71,110-111,121, 

126, 129, 140, 153, 154, 155, 157, 158, 160 

aligera 47 

arenacea 149 

atavina 10,36-37,38,69,72,90,111 

beclrn'ithii 38,111 

bowerbankii 149 

bumelifefolia 149 

bumelioides 47 

celtifolius 37, 68, 69, 72, 94- 

cisse 148 

claibornensis. , 131, 140, 157,  ISO,  186 

crassipes 10,11,37,65,08,69,72,90,94,102,110-111,125 

daphnogenoides 70 

delata 149 

elastica 39,140 

falconeri 149 

georgiana 102,  111,  126,  ir« 

glascoeana 39 

granadilla 149 

hydrachos 149 

inguionis 149 


jyiut  . 
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lo-ausiana 10, 1 1 ,  37, 38, 65, 69, 72, 9«,  102, 110, 125,170 

lanceolata 149 

moliliana 38 

morrifii 149 

mudgei 47 

nerthi 149 

ovata .' Ill 

ovatifoha 37, 70, 101,  111,  125,170 

planicostata 149 

prae-arcinervis 149 

prae-lanceolata 149 

peruni 39 


reussii 149 

rhamnoidcs 149 

stephensoni 10, 38-39, 65, 69, 72, 9.J 

suspecta 38 

woolsoni 37,111 

wudgae 149 

FiUcalcs 14-15, 103, 133-134, 152-153 

Finch,  John,  cited 5 

Fiske  property,  Ga.,  description  of 130 

fossils  from 129,131 

FlabeUaria 152, 153 

raphifolia 137,157 

Flabellaris  sp 149 

Florence,  S.  C,  fossils  near 11-12 

Font  ainea 115 

grandifolia 114 

Fort  Union  formation,  fossils  from 154 

Fraxinus 51, 155 

149 


JOVIS. 


prEB-savingensis 149 

Fucoides  dichotomus 115 


Gardner,  J.  S.,  cited 139, 153 

Geinitzia 27 

cretacea 23 

reichenbachi 23 

Geography,  ancient 66-68,122-125,157-116 
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Geologic  history  (Upper  Cretaceous)  of  South  Carolina 12-14 

Geonoma 30 

Georgia,  Middle  Eocene  floras  of 129-161 

botanic  character  of 156-157 

conditions  indicated  by 157-161 

bibliography  of lGl-163 

geology  of 129-132 

localities  of 130-132 

plates  showing 128, 182-190 

study  of 129 

systematic  description  of 132-147 

Upper  Cretaceous  flora  of 99-144 

botanical  character  of 121-122 

correlation  of 125-128 

geology  of 99-110 

localities  of 100-102 

physical  conditions  shown  by 122 

plates  showing 165-180 

range  of 122-125 

figures  showing 123, 124, 126 

study  of 99 

systematic  description  of 103-121 

Geraniales 47-48,65 

Ginkgo 154 

Ginkgoales IS 

Gleditsiophyllum  tricanthoides 70 

Gleichonia 67 

hantonensis 152 

Glenn,  L.  C,  work  of 6, 11 

Glossocblamys  transmutans 152 

Glycymeris  trigonella 132 

Glycyrrhiza  deperdita 149 

Glyptostrobus 153, 154 

eocenica 153 

europceus 149 

Godoya 149, 153 

Gomphia  linearis 144 

Goniopleris  stiriaca 152 

Greenland,  Upper  Cretaceous  fossils  of 72, 126, 128 

Green  River  formation,  fossils  of 154-155 

GrevUlea 46 

hermionis 149 

tenera 103 

Grevilleophyllum 46 

constans 51 

Grewia 171 

Grewiopsis 154 

integerrima 149 

Grovetown,  Ga.,  fossils  from 130, 131 

Gymnogramma  gardneri 134 

Gymnosperma; 16-37, 03, 103-107 

H. 

Haliserites 1 15 

polypodoides 115 

reichii 114 

Hamamelidaceae 45 

Hamamelidoxylon 45 

Hamamelis 45 

Hamamelites  (?) 45,65 

cordatus 10,45,69,72,30 

Hamburg  phase,  correlation  of 7 

Heer,  O.,  cited 18,110,113,137 

Heimerl,  A.,  cited , . . .      141 

Hedera 57-58,66 

helix 58 

primordialis.' 11, 57-58, 72 

Helleboreae 42 

Hephzibah,  Ga.,  fossils  near 131 

Heterolepis 10, 37 

cretaceus 27, 08, 69, 72, 7e 

Hewardia  regia 152 

Hicoria 154, 155 

Hightea  elegans 151 

elliptica 149, 151 

inflata 151 

minima , 151 

orbicularis 151 
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Hightea  oviformis 151 

turbinata 149, 151 

turgida 151 

Hippocrateaceae 63 

Hiraea  intermedia 149 

History,  geologic.    See  Geologic  history. 

Hollick,  Arthur,  cited 155 

HoUick,  A.,  and  Jeflrey,  E.  C,  cited 23,28,104 

Hybothya  crassa 151 

Hydrocharitaceae 135 

Hymensea 115 

I. 

Ilex 154 

atlantica 149 

IlUcium 44-^5, 65, 68, 09 

deletum 45 

apoUinis 151 

watereensis 10, 44^45, 68,69, 72, 98 

Inolepis 18 

Iriartea 30, 153 

punctata 151 

striata 151 

J. 

Jatropha 114, 1 15 

Juglandacea! 30-31,109 

Juglandales 30-31, 04, 109 

Juglandites  cernuus 149 

Juglans 30-31,64,122,154,155 

arci ica 30-3 1 , 69, 72, 86, 101, 109, 125 

crassipes 31 

eocenica 151 

pr£e-parschlugiana 149 

sharpei 149 

K. 

Kalmia  brittoniana 70 

Kenai  formation,  fossils  of 156 

Kerner,  F.  von. ,  cited 17, 20 

Knowlton,F.  U.,  cited 30,106,1.54,155,156 

Krannera 108 

L. 

Langdon,D.W., cited 99,102,129 

Langley,  S.  C.jClay  near,  view  of 8 

fossils  near 10, 72 

Lastrea 155 

Latanites 30 

Lauracea; 53-55,67, 117-1 19, 144, 156 

Lauris  agathophyllum 149 

haidingeri 149 

jovis 149 

lalages 149 

ocoieides 149 

primigenia 149 

salteri 149 

socialis 149 

swoszowiciana 149 

vetusta 149 

Laurophyllum 53-54, 63, 66 

angustifolium 54 

daphnogenoides 54 

elegans 53-54,69,72,9.} 

lanceolatum 54 

nervillosum 11,53-54,54,69,72,94 

reticulatum 54 

Laurus 53-53,63,66,67,68,1.53 

angusta -. 53 

atanensis 53,69,72,96 

lalages ■• 151 

plutonia 10,52-53,54, 70, 72,9«,9S 

Lawsonia  curopwa 151 

Leda 131 

Leguminosae 67,145 

Legmninosites 46-47,63,65,69,1.53,154 

Eequilateralis 151 

callisemsefolium 149 
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Leguminosites  cordatus 151 

crassus 151 

ciirtus 151 

dimidiatus 151 

elegans 151 

enormls 151 

gracilis 151 

inconstans 151 

lentiformis 151 

lobatus 151 

longissimiis 151 

middendorfensis 46,70,72,46 

pachypbyllus 149 

planus 151 

reniformis 151 

robinifolia 10,46^7,72,«^ 

rotundatns 151 

subquadrangularis 151 

subovatus 151 

trapezifonnis 151 

Lesqucreux,  Leo,  cited 18, 29, 30, 138, 154, 155 

Leucosylce 55 

Leuco  tlioe 60 

parlatorii 60 

Liboceras 67 

Lieber,  O.  E.,  cited 6 

Liliales 108 

Liquidambar 155 

eocenicum 151 

Liriodendron 48, 122 

dubia 70 

primagvum 70 

succedens 48 

Livistoma  eocenica 151 

Lomat  ia  brittanica 149 

Lower  Cretaceous  series,  occurrence  and  character  of 7 

Lycopodiacese 15 

Lycopodiales 15 

Lycopodium 1 5, 64 

cretaceum 1 5, 08, 70, 72, 7^ 

Lyell,  Charles,  cited 5 

Lygodium 153, 154 

Itaulfussi 152 


M. 

McBean  formation,  fossils  from 130 

occurrence  and  character  of 130 

McBrides  Ford,  Ga.,  fossils  at 101,121,125,128 

McCallie,  S.  W.,  cited 99,129,131 

Macon,  Ga. ,  fossils  near 129, 131 

43-44, 63, 67, 68, 1 13-1 13, 121, 122, 146, 153, 155 

boulayana 101 , 1 1 2, 123, 27« 

capeUinii 10,43,69,72,90,101,113-113,125,  J7« 

eocenica 151 

glaui'oides 112 

hilgardiana 146, 155 

longi/olia 43, 155 

longipes 43 

newberryi 11, 43-44, 72 

laurifolia 146 

obtusata 44, 70, 72 

speciosa 113 
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tenuifolia 44 ,  172,  M 

vaningeni 112 

woodbridgensis 43 

Magnoliaceie 43-45, 1 1 2-113, 122 

Magothy  formation,  fossils  of 70-72,126,128 

Malapoenna 1  lS-1 19, 122, 131, 144, 158, 161 

geniculata 157 

horrelensis 70,101,118-119,125 

sp 144,157,J«S 

Malpigbiastrum  banisterium 149 

grandifolium 149 

prce-venosum 149 
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Manastash  formation,  fossils  of 156 

Mangroves,  view  of 103 

Manicaria 30, 154 

Manihot 114,116 

Manihotites 113,114-116,122 

georgiana 101,102,114-116,n*,125,126,  J7e,i7S,i80 

Marattia  hookeri 149 

Maryland,  fossils  of 71 

Matawan  formation,  fossils  of 71 

MeniphyUum  elegans 152 

Menispermites 1 13, 122, 126 

abutoides 151 

variabilis 101, 113, 125, 174 

Mesozoic  flora,  range  of 122-125 

range  of,  figures  showing 123,124,125 

Metrosideros  microcarpa 151 

Miami,  Fla.,  mangroves  near,  view  of 103 

Middendorf,  S.  C,  fossils  near 8-9,72 

section  near 8 

view  of 8 

Middendorf  arkose  member,  correlation  of 68-70 

deposition  of 12-13 

fossils  from 7, 72, 08-70, 126 

occurrence  and  character  of 7,8 

views  of 8 

See  also  Black  Creek  formation. 

Miles  Mill,  S.  C,  fossils  at , 10-11, 72 

Miller,  B.  L.,  work  of 7 

Mimosaceae 44-48,  142, 156 

Mimosites 143 

brownianus 151 

georgianus 131, 143,  ISS 

prae-cassiaeformis 149 

Miquel,  F.  A.  W.,  cited 108 

Modiolus 130, 131 

alabamiensis 131 

texanus 131 ,  132 

Momisia 36,  65, 139-140,  157 

aculeata 140, 157 

americana 131,139-140,  157,i8ff 

carolinensis 36,  68, 70, 72, 9| 

Monocotyledonse..  27-30,63,64,108-109,  122,134-135, 153,156,101 

Montana  group,  fossils  of 72, 128 

Moracese 1 10-1 1 1,  140, 156 

Moriconia 22,26  27,  64,67,69 

americana 26,  72, 84 

cyclotoxon 21, 26 

Morinda 153 

Musa  eocenica 151 

MusophyUum 154 

Myrica 31-32,  51,63,63,  68,  132,  153,  154,  155 

acuminata 149 

aspera 31 

brittoniana 11,  31,  72,  «4 

cliffwoodensis 70 

elegans 11,  31-33,  31 ,  72, 88 

haeringiana 149 

heerii .' 31 

lignitum 149 

prsecox 32 

sagoriana 149 

salicina 149 

serrata 51 

Myricacese 31-3;S 

Myricales 3 1-33,  65 

Myrsinacese 61 

Myrsine 61,  66,  69, 153 

borealis 62, 70 

elongata 61 
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gaudtni 61 ,  72, 9S 

Myrsiniles  gaudtni 61 

Myrtaceae 55-57,65,67,  119-120, 145 

MsTtales 55-57, 66, 119-120, 144-147 

Myrto-pkyUum  geinitzi 56 

warderi 59 

Myrtus  eocenica 14& 
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Nageiopsis 18 

longifolia 16 

Naiadaceai 27-28,  135 

Naiadales 27-28,  136 

>Jeluinbium  buchil 149, 151 

microcarpum 151 

Nerium 153 

parisiensis 152 

Newberry,  J.  S.,  cited 154 

New  Jersey,  fossils  of 70, 71 

Nipa 30,153,159 

burtini 151 

distribution  of,  figure  showing IGO 

elliptica 151 

lanceolata .- 151 

parliinsonis 151 

semiteres 151 

Nipadites 159 

burtini 152 

distribution  of,  figure  showing 160 

Nitophyllum 152 

North  America,  Eocene  floras  of 153-156 

North  Carolina,  fossils  of 71 

Noteleea  primigenia 149 

Nucula  magnifica 131 

ovula 131,132 

Nuphar 152 

Nyctaginaceae 140-142, 156 

Nymphsea  doris 149 

Nyssa 45 

alumensis 149 

eocenica 151 

europEea 149 

prae-striolata 149 

O. 

Ochnacese 139 

CEnocarpus  sheppyensis 151 

Olea  brittanica 149 

Onoclea 14-15,64,154 

inquirenda 14-15,70,72,74 

Orangeburg  County ,  geology  of 6 

Oreodoxltes 30 

Osborn,  H.  F.,  cited 154 

Osmunda  Ugnitiun 152 

obcrgiana 14, 15 

Ostrea 131 

alambamiensis 132 

Ottelia 135 

parisiensis 152, 157 

P. 

Pachyphyllum  araucarinura 20 

rigidum 20 

Pachypteris 17, 103 

Pachystima 49-50, 65 

eretacea 49-50, 68, 70, 72, 90 

Pagiophyllum  araucarinum 20 

rigidum 20 

Palaelobium  haeringianum 149 

heterophyllum 149 

prae-radobojense 149 

sotzkianum 149 

Paleogeography 66-68,122-126,157-161 

Paliurus 116,122,126 

obovatus 116 

populifolius 116 

upatoiensis 101, 116, 125,  ITi 

Palmacites 152, 153 

Palmse 29-30,136-137 

Panax 51 

Pandanus 152, 159 

lutetianus 152 

Peedeesand,  deposition  of 14 

occurrence  and  character  of 8 

Pelecypoda 130 

Peohallow,  D.  P.,  cited 156 

Persoonia 141 


Persoonia  eocenica 149 

Petrophiloides  conoideus 151 

imbricatus 151 

oviformis 151 

Phaseolites  eriosemsefolius 149 

formus 70 

Phegopteris  bunburii 152 

prae-cuspidata 152 

Phinizy  Gully,  Ga. ,  fossils  from 131, 134, 146 

section  of,  figtire  showing 130 

Phoenix 30, 153 

Phragmites 28,64,67,69, 109, 154 

prattii 10, 28, 72, 101, 109, 125 

PhyUitae  monocotylei 108 

reichi 115 

rhyllites  apocynoidcs 149 

arbutoides 149 

cecropioides 149 

crassipes 149 

densinervis 149 

elaeocarpoides 149 

euphorbioides 149 

ficoides 149 

franguloides 149 

freae 150 

gagantuse 150 

hedoraceus 150 

hilticis 150 

hymenseoides 150 

lantanoides 150 

myrtaceus 150 

nimrodis 150 

nerthi 150 

reichi 145 

sapindoides 150 

simaruboides 150 

syringseformis 150 

veledae 150 

Phyllocladus 67 

Phymatodes  afTine 153 

polypodioides : 153 

Physolobium  antiquum 150 

orbiculare 150 

Pinaceae 22,64 

Pinus 22,27,64,96 

bowerbankii 153 

dixoni 153 

raritanensis 22, 72 

sheppyensis 151 

Pinus  triphylla 22 

Pisonia 139, 140-142, 157, 158, 160 

aculeata 141 

atavia 141 

bilinica 141 

claibornensis 131,140-142.157,184 

eretacea 70 

eocenica 141, 150, 157 

floridiana 141 

lancifolia 141 

macranthocarpa 141, 157 

ovata 141 

racemosa 141 

radobojana 141 

Pistacia  brittanica 150 

Pistia 28, 118, 137-138, 156, 157 

claibornensis 131, 137-138, 157,  IS4 

corrugata 137, 138 

mazelii 138 

nordenskioldi 70 

stratiotes 137, 157 

Pistites  loriformis 138 

Pittosporum  eocenica 150 

Planera 154 

eretacea 70 

UDgeri 140 

Plantaginopsis  marylandica 105 

Plant  localities  in  Georgia 100-102 

in  South  Carolina s-12 
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Platanus 154,153 

roaceiE 38,134-135 

Poales 28-39,134-135 

Podocarpus 18, 67, 153, 156 

elongata ^8 

eocenica 1.50, 153 

incerta ^53 

Podogonium  obtussissimum 150 

sheppyense 150, 151 

Podophylium 114, 115 

Podozamites 16, 04 

angustifotius ..  - 1** 

knowltoni 10, 16,69,72,  r« 

Polypodiaceie 14-15,103,122,133-134 

Poplar  Church.  Ga.,  fossils  near 131,132 

Populus 153, 154, 155 

eocenica 1^" 

monodon 155 

Porana  oeningensis 150 

Pctamogeton 37-88,54,151,152,150,157,158 

curtissii 1-^5 

floridanus l'*5 

megaphyllus 131, 135, 157, /«S 

middendorfensis 37-38,67,68, 70,72, r« 

nordenskioldi 135 

perfoliatus 135 

Primulales 61,66 

Protea 40 

Proteaceae 40,40,65,67,122 

Proteales 40, 05 

Proteoides 40,63,67,68, 09,  111 

acuta 40 

bisulcatus lt>7 

crassipes 110,150 

daphnogcnoidfs 33, 43, 54 

grevilliseformis 40 

lanciJolius 10, 11, 40, 69, 72,90 

parvula 40,69,70,72,80 

Protophyllocladus 17 ,  64, 67 

lobatus 10, 17, 69, 70, 72,  ?4 

polymorphus t 17 

subintegrifolius 17 

Providence  sand  member ,  occui-rence  and  character  of 100 

Prunus  druidum 149, 151 

parlatorii 60 

prisca 151 

pygmaeorum 149 

Pseudogeinitzia 23 

Psilocochlis  mccaliiei 131 

Pteridolemma  gymnorachis 103 

Pteridophyta 14-16,63,64,103,133-134 

Pteris 155 


bournensis 153 

eocenica = 153 

Pterospermites 154 

carolinensis 70 

crednerafolia 70 

dentatus 150 

Pterospermum  eocenicum 150 

Pyrenomycctes 133-133, 157 

Q. 

Quercus 35-36, 45,  .il,  03, 07, 129, 138, 139, 153, 154, 155 

bournensis , 150 

chlorophytla 145, 155 

dakotensis 35 

drymeja 150, 151 

eocenica 51 

eoprinoides 35 

lonchitis 150, 151 

lyeUi 150,155 

marylandica 35 

michauxii 35 

moorii 155 

phellos 35 

prse-lonchitis 150 

prse-mediterranea 150 


Quercus  pratti 70 

prinoides 35 

prinus 35 

pseudodrymeja 35 

pseudowestfalica 10, 35-36, 69, 72, 88 

raritanensis 35 

rudkini 35 

sumterensis 10, 35, 68, 69, 70, 72, 90 

viburnifolia 150 

westfalica 35 

R. 

Eanales 4 1-45,  i:,3,6.-i,  113-113 

Ranunculacese 41-43 

Raritan  formation,  fossils  of 71,72,128 

Reid,  C.  and  E.  M.,  cited 153 

Rhamnacese  116 

Rhamnales 116 

Rhamnus 155 

acutangula 150 

prfe-pomat]erris 150 

prae-rectinervis 150 

Rhizophora 144-146, 155, 157, 158, 160 

conjugala 145 

distribution  of,  figure  showing 159 

eocenica 131, 132, 144-146, 157, 190 

mangle 145, 157, 158 

mucronata 145 

parvifolia 145 

Rhizophoraceas 144-146,156 

Rhus 51-52,05,154 

altantidis 150 

cyclophyUa 150 

darlingtonensis 11, 51-52, 72, 88 

glabra 52 

lanceolata 144 

prisca 150 

Rhystisma  eucalypl  i 150 

priscum ISO 

Ripley  formation,  correlation  of 126-128 

fossils  of 126 

occurrence  and  character  of 100 

view  of 102 

Robinia  pseudacacia 47 

Rocky  Point,  S.  C,  fossils  at 10,72 

section  at 9 

Resales 45-48, 65, 143 

Roslyn  formation,  fossils  of 156 

Rutacea? 47-48 

S. 

Sabal 30, 152, 154 

adansoni 129 

dianse 152 

dryadum 152 

major 150 

oreadum 152 

Sabalites 29-30,64,153 

carolmensis 39-30, 69, 72,  SO,  S« 

magothiensis 30, 66 

Salicacea; 33-34,109-110 

Salicales 33-34,109-110 

Salisburia 155 

eocenica 152 

Salix 32-34,63,69,109-110,154,155 

bonplandiana 110 

denticulata 110 

eutawensis 34, 70, 101, 109-1 10, 125, /70 

flexuosa 10, 33-33, 69, 72,*4,9«,  101, 109,125,126 

fluviatilis 34, 110 

lavateri 110 

lesquereuxli 10, 11, 33,69, 72,«.<,  102, 109, 125 

newberryana 70,110 

nigra 110 

prse-integra 150 

protsefoHa 32,33 

flexuosa 32 

linearifoUa 32 

longifolia 33 
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SaUx  pseudohayei 34, 70, 72, 53 

TEeana 34 

reichenbachii 69 

rhedse 150 

sloani 10,34,69,70,72,88 

tabellaris 155 

tenuifolia 1^0 

varians HO 

worthenii 155 

Salmalia  borealis 150 

Santalum  ac-heronticum 15*^ 

microphyUum 150 

osyrinum 150 

salicinum 150 

Sapindaoea! 49, 143-144, 156 

Sapindales 49-63,63,65,142-144 

Il5 

49,65,143-144,153,1.54.155,157,158,160 

'  afflnis 143-144, 157 

angustifolius 143, 144, 1.50, 157 

crassinervis 150 

eocenicias 150, 152 

falcifolius 150 

georgiana 131,143-144, 157,756 

marginatus 144 

moiTisoni in.  49, 70, 72,  «S 

saponaria 144,157,158,160 

stellaria;folia 143, 144 

Saporta,  G.  de,  cited 20, 153 

Saporta,  G,  de,  and  Marion,  A.  F.,  cited 42 

Sapotacites 153 

chrysophylloides 152 

emarginatus 150 

eocenicus 150 

mimusops 152 

sideroxyloides 150 

Sassafras 122,125 

acutilobum "0 

Sauraja  robusta 150 

Sclerotium  antiquum 152 

Sequoia 33-34, 27, 67, 107, 122, 125, 154, 153 

bowerbankii 150 

couttsia? 23, 1.50, 153 

hetcrophylla 70 

langsdorfli 23,150 

minor "0 

reichenbachi 9, 23-34, 64, 72, 78, 101, 102, 107, 125, 1 26 

tournalii 153 

Sheppoy,  England,  fossils  of 150-152 

Sloan,  Earle,  cited 6 

work  of 7 

Smilacina  rackiana 135 

Smilax  lancifolia 150 

pristina 152 

Solanites 152 

Solenostrobus  corrugat us 152 

semiplotus 152 

subangulatus 152 

sulcatus 152 

Solms-Laubach,  H. .  cited , IS 

Sophora 153 

earopsea 150 

South  Carolina,  Upper  Cretaceous  flora  of 5-72 

Upper  Cretaceous  flora  of,  botanic  character  of 63-06 

distribution  of 72 

geology  of 7-8 

historical  sketch  of 5-7 

localities  of 8-12 

physical  conditions  indicated  by 66-68 

plates  showing 73-98 

systematic  description  of 14-63 

Upper  Cretaceous  geologic  history  of 12-14 

Spermophyta 16-63,63,103-131,134-147 

Spha^ria ■- 132,154 

flabellariae 152 

Spha;rites 1 32-1 33, 140, 157 

claibornensis 131, 133-133,157 

myricae 132, 157 
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Sphaerites  ncrvisequus 133 

Sphenopteris  grevilloidcs 103 

Stenzel,  K.  G.,  cited 30 

Stephenson,  L.  W.,  work  of ,.  5,6,7,99,102 

Sterculia 67 

labrusca '. ISO 

sigfridi 150 

Strobilites 37 

anceps 11, 27 ,  69, 72,  rfi 

inquirendis 27 

Strychnos  lu-ani 152 

Swank  formation,  fossils  of ■ 156 

Symplocos 51 

brittanica 150 

radobojana 152 


Taxacea; 17-19,64,122 

Taxitea 19 

Taxodieaceae 33-36 
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PREFACE. 


The  present  paper  is  the  &st  of  a  new  series  to  be  published  l^y  the  Geological  Survey 
under  the  title  "  Shorter  contributions  to  general  geology."  Of  late  years  Survey  authors  have 
become  contributors  to  scientific  and  technical  journals  to  an  extent  that  suggests  the  need  of  an 
oflicial  channel  for  papers  of  a  certain  type.  Contribution  to  these  outside  journals  is  a  valuable 
phase  of  the  Survey's  activity  and  will  continue;  but  this  method  of  pubUcation  has  certain 
limitations  by  reason  of  both  the  capacity  and  the  circulation  of  these  journals.  The  time  has 
come  for  begimiing  a  volume  that  will  afl'ord  opportunity  for  the  publication  of  short  papers 
and  preliminary  reports  of  a  character  not  well  adapted  to  j)ublication  in  any  of  the  forms  hereto- 
fore used  by  the  Survey. 

It  is  significant  that  so  many  of  the  Survey  geologists  are  making  scientific  contributions 
of  general  interest  that  represent  results  incidental  to  other  investigations  or  that  are  of  the 
nature  of  by-products  of  work  whoso  immediate  jnirpose  is  economic.  This  is  because  the 
so-called  economic  work  of  the  Survey  is  really  scientific.  It  is  scientific  in  method  and  sci- 
entific in  results.  It  represents  the  application  of  science  to  the  solution  of  problems  whose 
main  bearing  may  bo  utilitarian  but  which,  if  successfully  solved,  will  afl^ord  by-products  in 
results  and  principles  that  will  yield  greater  ultimate  possibilities  of  use  to  man.  In  order  to 
encourage  greater  breadth  of  observation  and  investigation  among  the  geologists  and  to  pro- 
mote the  scientific  possibilities  of  their  professional  work,  means  should  bo  provided  for  prompt 
pubUcation  of  such  papers  in  a  permanent  form  that  wiU  commend  itself  to  both  author  and 
reader.  Provision  has  been  made  since  1902  for  the  current  publication  of  short  papers  relating 
specifically  to  economic  geology,  and  the  new  series  here  established  is  intended  to  make  similar 
provision  for  scientific  papers  relating  to  general  geology. 

In  advance  of  the  printing  of  the  fuU  volume,  separates,  each  iiacluding  one  or  more  papers, 
win  be  issued  to  the  mmiber  of  10  or  12  a  year  as  the  manuscript  and  illustrations  are  ready, 
without  waiting  for  material  for  the  fuU  volume  to  be  in  hand  or  even  promised.  These  separates 
wUI  be  paged  continuously,  so  that  the  volume  will  l)e  simply  a  consolidation  of  the  separates, 
without  change  of  pagination,  a  distinct  advantage  for  bibliographic  reference.  The  date  of 
publication  will  l)e  printed  on  the  title-page  of  each  separate. 

The  papers  included  in  these  "  Shorter  contributions  to  general  geology"  may  relate  to  any 
phase  of  geology,  jirovided  it  possesses  general  interest — petrology,  paleontology,  stratigraj^hy, 
glaciology,  structural  geology,  etc.  This  volume  is  intended  not  as  a  catch-all  for  current  odds 
and  ends,  but  as  a  dignified  collection  of  scientific  contributions,  each  suitable  in  importance 
of  subject,  value  of  results,  and  quahty  of  treatment  for  separate  publication  as  a  bulletin  or 
professional  paper  if  it  were  of  suflicient  length. 
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THE  ORIGIN  OF  COLEMANITE  DEPOSITS. 


By  HoYT  S.  Gale. 


INTRODUCTION. 

A  brief  study  of  several  of  the  more  important  borate  deposits  in  southern  CaUfornia 
duruig  1912  has  suggested  to  the  writer  some  ideas  beheved  to  be  new  regardmg  the  origin 
of  colemanite.  The  theory  presented  here  has  not  yet  been  entirely  proved,  but  as  there  is 
much  in  its  favor  and  as  it  affords  suggestions  and  a  working  basis  for  further  observation, 
which  the  writer  also  hopes  to  have  opportunity  to  make,  it  seems  proper  to  place  the  matter 
briefly  on  record. 

Tliis  paper  is  based  chiefly  on  a  short  personal  study  of  the  borate  deposits  in  Ventura 
County,  Cal.,  supplemented  by  more  cursory  exammations  of  sunilar  deposits  in  the  vicinity 
of  Death  VaUey,  and  includes  a  review  of  published  data  on  this  subject  and  of  personal 
communications  from  those  who  have  visited  deposits  elsewhere.  A  report  discussing  the 
economic  geology  of  the  colemanite  deposits  of  Ventura  County  and  the  mining  operations 
on  them  wiU  appear  in  another  place.'  It  is  beheved  that  these  deposits  afford  exceptional 
opportunities  for  the  study  of  the  relationsliips  of  the  colemanite  ores. 

VOLCANIC    ORIGIN   OF   BORIC   ACID. 

It  is  generally  recognized  that  boric  acid  m  considerable  quantities  is  an  original  con- 
stituent in  the  waters  and  gases  given  off  with  volcanic  emanations.  In  fact,  the  Tuscan 
fumaroles  have  been  an  important  commercial  source  of  boric  acid  in  Italy  for  a  long  time, 
and  in  the  past,  possibly  even  to  the  present  time,  almost  all  the  boric  acid  brought  into  the 
European  market  was  derived  from  this  soui'ce.  There  is  abundant  evidence  of  the  presence 
of  boric  acid  m  volcanic  emanations  m  many  parts  of  the  world.  On  the  other  hand,  boron 
is  so  rare  a  constituent  of  rock-forming  minerals  that  it  forms  an  almost  inappreciably  small 
percentage  of  the  earth's  rock  mass  as  a  whole.  It  is  therefore  natural  in  studymg  the  genesis 
of  boron  minerals  or  deposits  to  look  pi'unarily  for  evidence  of  a  possible  origin  m  volcanic 
emanations.  Such  an  origm  is  beheved  to  be  in  fact  strongly  indicated  by  the  relations  to  be 
observed  m  most  borate  deposits  that  have  been  studied. 

HYPOTHESES    REGARDING   ORIGIN   OF   COLEMANITE. 

The  immediate  origin  of  the  colemanite  ores  of  the  southern  part  of  the  Great  Basin  has 
been  discussed  by  several  writers  and  geologists.  W.  H.  Storms  was  perhaps  the  first  to 
provide  the  explanation  wliich  has  been  more  or  less  fuUy  accepted  smce.  In  describing  the 
deposits  at  Calico,  near  Daggett,  Cal.,  he  says:- 

To  me  it  seems  that  what  is  now  one  of  the  most  vaU'.able  deposits  of  mineral  in  the  Slate  was  at  one  time  the  site 
of  a  Tertiary  lake  of  considerable  but  as  yet  undetermined  size;  that  although  sulijected  to  the  same  oscillation  as  the 
remainder  of  the  region,  a  basin  formed,  in  which  the  waters  collected,  carrj-ing  with  them  the  ndneral  salts  derived 


1  Gale,  Hoy  1S.,  The  borate  deposits  of  Veniura  County,  Cal.:  U.  S.  Geol.  Survey  Bull.  540-0, 1913. 

2  Storms,  W.  H,,  Mineral  resources  of  San  Bernardino  County,  Cal.:  California  State  Min.  Bur.  Eleventh  Ann.  Rept.,  p.  346, 1S93. 
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from  the  rocks  of  the  neighboring  country;  that  finally  the  climatic  conditions  became  such  that  the  supply  of  water 
was  less  than  the  loss  by  absorption  and  evaporation,  and  the  waters  of  the  lake  slowly  diminished,  it  finally  dis- 
appearing entirely,  leaving  on  the  floor  of  the  lake  a  thick  deposit  of  calcium  borate  of  snowy  whiteness. 

After  the  deposition  of  the  borax  bed  a  general  subsidence  of  the  region  occurred,  the  waters  of  the  great  Tertiary 
lake  once  more  covering  the  whole  country.  Again  the  sands  and  finer  sedimentarj'  material — the  erosion  of  the 
mountains— were  carried  down  and  found  a  resting  place  on  the  floor  of  the  lake,  the  borax  beds  being  finally  covered. 

Subsequent  deformation  of  these  strata  has  tilted  and  erosion  exposed  the  borate  beds. 
Campbell '  adopted  a  similar  explanation  of  the  genesis  of  the  deposits  at  the  same  locality : 

The  borax  of  Death  Valley,  as  well  as  that  near  Daggett,  occurs  in  a  regular  stratum,  interbedded  with  the  semi- 
indurated  sands  and  clays  that  make  up  the  bulk  of  the  strata.  These  beds  are  generally  regarded  as  of  Tertiary  age, 
and  they  are  supposed  to  have  been  deposited  in  inclosed  bodies  of  water. 

The  principal  deposit  of  boron  salts  [near  Daggett]  occius  at  Borate,  about  12  miles  north  of  Daggett,  in  the  vicinity 
of  the  old  Calico  mining  district.  The  mineral  foimd  here  is  borate  of  lime,  or  colemanite,  and  it  occurs  as  a  bedded 
deposit  from  5  to  30  feet  in  thickness,  interstratified  in  lake  sediments. 

Spurr,^  in  discussing  the  character  and  formation  of  the  Tertiary  lake  beds,  says,  with 
special  reference  to  the  borate  of  lime  deposits:  ''The  mternal  o^^.dence  of  these  beds  shows  that 
much  of  the  material  was  laid  down  in  inclosed  lake  basins,  and  that  the  colemanite  beds  are 
probably  the  result  of  the  evaporation  of  Tertiary  alkaline  lakes  during  periods  of  aridity." 

Later  Keyes  ^  suggested  a  modification  of  the  hypothesis  by  assuming  the  Tertiary  water 
bodies  to  have  been  marine,  "a  great  shallow  arm  of  the  Pacific  Ocean  that  had  been  cut  off 
by  the  upheaval  of  the  mountain  ranges  along  the  coast."  As  the  fossils  obtained  from 
the  sedimentary  beds  associated  with  the  borates,  at  least  in  the  Mohave  Desert,  indicate  a 
land  and  fresh-water  fauna  exclusively,  this  modification  of  the  hypothesis  may  probably  be 
dismissed. 

Baker  *  discusses  at  some  length  the  character  of  the  sediments  associated  with  the  borate 
deposits  and  refers  to  tlie  genesis  of  borate  ores  near  Daggett : 

The  interbedded  layers  of  colemanite,  gypsum,  and  limestone  were  most  probably  deposited  on  the  evaporation  of 
a  body  of  water  of  considerable  depth,  since  the  colemanite  layer  is  from  5  to  30  feet  in  thickness.  Laj^ers  of  ptire 
gypsum  several  inches  thick  are  found,  as  well  as  more  considerable  thicknesses  of  what  is  probably  chemically  deposited 
limestone.  An  alternative  hypothesis,  that  these  minerals  had  their  immediate  origin  in  hot  springs  and  solfataras 
opening  directly  into  shallow  lakes,  perhaps  only  of  seasonal  duration,  or  in  playas,  has  much  to  commend  it,  especially 
when  considered  in  connection  with  the  numerous  evidences  of  shallow-water  deposition.  These  evidences  comprise 
ripple  marks,  sun  cracks,  rain  prints,  found  on  the  finer  as  well  as  the  coarser  beds,  and  the  layers  of  fine  breccia  and 
conglomerates  interbedded  with  the  fine  shales  and  tuffs.  Shallow  lakes  or  ponds  probably  existed  at  times  during 
the  deposition  of  the  fossiliferous  tuff  member,  for  they  seem  to  be  necessary  to  account  for  the  presence  of  the  gastro- 
pods. The  paucity  or  absence  of  fossils  in  the  borate  and  the  fine  ashy  and  shaly  tuff  members  (but  one  specimen  of  a 
Planorbis  was  foimd  in  these  beds),  as  well  as  the  presence  of  the  colemanite,  limestone,  and  gT,-psum  layers,  apparently 
indicates  the  salinity  of  the  waters.  *  *  *  Colemanite,  gypsum,  and  limestone  were  deposited  either  by  hot 
springs  or  solfataras  in  saline  lakes,  wliich  might  have  been  of  shallow  depth,  or,  having  leached  from  the  siurounding 
rocks,  were  precipitated  during  a  time  or  times  of  evaporation  of  a  former  fresh-water  lake  of  considerable  depth. 

Lately  Eakle  ^  has  described  the  colemanite  mmed  at  Lang  and  summarized  the  origin  of 
the  deposit  as  follows: 

The  bedded  character  of  the  deposit  is  evidence  that  the  mineral  crystallized  from  an  evaporating  solution,  and 
that  precipitations  of  both  the  borate  and  some  of  the  silt  which  formed  the  shales  took  place.  The  solution  filled  a 
closed  basin  as  a  lake  or  marsh,  probably  similar  to  the  alkali  marshes  of  the  desert  regions.  It  is  generally  character- 
istic of  such  deposits  that  salts  of  various  kinds,  often  in  alternating  series,  especially  carbonates  and  sulphates  of  lime 
and  soda,  make  up  the  deposit,  and  the  well-known  Searles  borax  lake  in  San  Bernardino  County,  with  its  many  asso- 
ciated minerals,  is  a  good  illustration  of  a  desert  formation.  The  Lang  depo.sit,  however,  is  an  exception,  as  the  neo- 
colemanite  is  practically  unaccompanied  by  other  minerals,  except  howlite,  which  is  a  silico-colemanite,  and  some 
calcite.     ^\'aters  emptying  into  the  basin  could  not  have  been  charged  with  mixed  alkali  salts. 

It  seems  probable  that  the  original  site  of  the  deposit  was  a  marsh  containing  marl  and  calc  tufa  with  mud  and 
considerable  organic  growth,  and  that  later  waters  charged  with  boracic  acid  flowed  into  the  basin  and  converted  the 

1  Campbell,  M.  R.,  Reconnaissance  of  the  borax  deposits  of  Death  Valley  and  Mohave  Desert:  U.  S.  Geol.  Survey  Bull.  200,  pp.  8, 12, 1902. 
-  Spurr,  J.  E.,  Ore  deposits  of  the  Silver  Peak  quadrangle,  Nevada:  U.  S.  Geol.  Survey  Prof.  Paper  55,  p.  21, 1900. 
'  Keyes,  C.  R.,  Borax  deposits  of  the  United  Slates:  Am.  Inst.  Mln.  Eng.  Bull.  34, 1909. 

I  Baker,  C.  L.,  Cenozoic  history  of  the  Mohave  Desert:  Univ.  California  Dept.  Geology  Bull.,  vol.  6,  No.  15, 1911. 

s  Eakle,  A.  S.,  Neo-colemanite,  a  variety  of  colemanite,  and  howlite  from  Lang,  Los  Angeles  County,  Cal.:  Univ.  California  Dept.  Geology  Bull., 
vol.  6,  No.  9, 1911,  pp.  179-189. 
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carbonate  of  lime  into  the  borate.  Some  and  perhaps  the  greater  part  of  the  argillaceous  material  which  forms  the  shales 
was  precipitated  by  the  decomposition  of  the  impure  limestone,  together  with  organic  matter.  The  carbon  dioxide  set 
free  may  not  wholly  have  escaped,  but  possibly  became  occluded  in  the  mud  and  later  converted  into  carbon.  Most 
of  the  borate  is  of  a  blackish-gray  color,  due  to  impregnations  of  carbon  along  the  cleavages  and  fractures.  The  conver- 
sion of  the  limestone  into  the  borate  in  all  probability  took  place  before  the  overlying  sandstones  were  formed.  The 
absence  of  soda  compounds  and  the  presence  of  abundant  plant  life  indicate  that  the  lake  or  marsh  was  fresh,  into  which 
springs  containing  boric  acid  discharged.     The  deposit  later  became  submerged  and  the  sandstones  were  laid  down. 

The  origin  of  the  boric  acid  is  presumably  volcanic  and  the  springs  probably  issued  from  vents  in  the  immediate 
vicinity  of  the  basin.  The  deposit  is  situated  in  a  hilly  district  and  is  partly  surrounded  by  high  masses  of  volcanic 
tuffs  and  rhyolites.  The  subsequent  tilting  of  the  deposit  was  not  accompanied  by  heat  or  pressure  sufficient  to 
modify  the  borate  materially,  yet  the  mineral  shows  lines  of  strain  and  columnar  partings  due  to  pressure  and  shrink- 
age. The  fissile  shales  owe  their  solidity  to  this  slight  pressure,  and  carbonization  to  some  extent  was  also  the  result. 
There  is,  of  course,  the  possilnlity  that  all  of  the  carbon  in  the  deposit  is  from  organic  matter,  the  COj  of  the  carbonate 
escaping,  as  some  of  the  shales  are  quite  bituminous. 

Eakle  does  not  mention  any  immediate  relation  of  the  deposit  to  lavas,  such  as  are 
known  to  be  intimately  associated  with  borate-bearing  beds  elsewhere,  although  he  notes 
that  the  Lang  district  is  partly  surrounded  by  high  masses  of  volcanic  tufl's  and  rhyolites. 

Study  of  the  colemanite  deposits  in  Ventura  County,  Cal.,  and  observations  on  similar 
deposits  near  Death  Valley  have  led  the  writer  to  the  conclusion  that  these  borate  minerals 
and  probably  also  most  of  the  gypsum  associated  with  them  are  vein  deposits  and  not  the 
product  of  evaporated  lake  waters.  The  evidence  supporting  this  conclusion  is  set  forth 
briefl}^  below. 

COLEMANITE  DEPOSITS  OF  VENTURA  COUNTY,  CAL. 

The  Ventura  County  deposits  of  colemanite  he  on  the  southern  flank  of  Mount  Pinos, 
near  the  San  Emigdio  Range,  at  the  south  end  of  the  San  Joaquin  Valley.  The  colemanite  is 
found  within  a  series  of  bedded  rock  formations,  wliich  have  been  extensively  folded  and 
faulted.  In  general  the  trend  of  their  outcrop  is  northeast  and  southwest,  and  the  dip  south- 
eastward, away  from  the  higher  elevations  of  the  Mount  Pinos  Range. 

The  section  of  sedimentary  beds  and  lava  with  which  the  colemanite  is  associated  is  in 
general  terms  as  follows: 

Section  of  formations  in  which  colemanite  occurs  in  Ventura  County,  Cal. 

Top  of  section  measured.  Feet. 

Shale  and  some  sandstone 300 

Basaltic  lava  flows,  with  intercalated  layers  or  lenses  of  shale  and  limestone GOO 

Shale 600 

Conglomerate,  bowlders,  or  cobbles  of  light  granitic  rock  cemented 600 

Other  sedimentary  rocks  below. 

These  beds  are  believed  to  be  of  Miocene  age.  The  more  extensive  stratigraphic  section 
exposed  in  this  general  region  has  not  been  included  here,  as  its  possible  relation  to  the  borate 
ores  seems  remote  and  it  evidently  involves  many  complex  problems.  The  beds  defined  above 
are  apparently  conformable.  The  most  valuable  borate  deposits  are  included  within  the  layers 
of  shale  and  limestone  intercalated  within  the  flows  of  basalt,  but  borates  occur  also  in  the 
shales  above  and  below  the  basaltic  flow  I'ock,  though  invariably  m  close  association  with 
this  lava. 

The  followmg  inter])retation  may  be  placed  on  the  section  given  above.  The  base  of  the 
section  is  a  massive  conglomerate  made  up  of  bowlders  or  more  or  less  rounded  cobbles,  in  part 
very  firmly  cemented  together,  and  the  whole  mass  constitutes  a  rather  distinct  formational 
unit.  This  is  supposed  to  be  a  piedmont  alluvial  deposit  that  was  originally  spread  out  from 
the  base  of  the  Mount  Pmos  Range.  The  core  of  the  range  is  believed  to  be  mainly  granite  of 
the  character  represented  by  the  bowlders  of  this  formation.  The  bowlders  are  coarser  near 
the  mountains  and  seem  to  grade  off  to  finer  material  at  greater  distance,  the  formation  as  a 
whole  taking  on  the  character  of  sandstone,  as  illustrated  at  the  Ives  camp,  at  the  lower  end 
of  the  Middle  Fork  canyon.     There  seems  little  evidence  in  this  formation  to  indicate  other 
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tlian  subacrial  distribution  of  very  coarse  detrital  material.  However,  in  the  opinion  of  R.  W. 
Pack,  who  has  studied  tlie  arcal  geology  of  the  north  slope  of  the  San  Emigdio  Range,  there 
may  exist  some  room  for  doubt  that  the  coarse  gravels  were  deposited  subaerially.  On  the 
north  slope  of  that  range  about  10  miles  north  of  the  borax  mines  he  has  found  coarse  con- 
glomerate beds  contaming  granitic  bowlders  several  feet  m  diameter  mterstratified  with  fine 
sandstones  and  sandy  and  diatomaceous  shales,  the  latter  containmg  marme  fossils  of  Miocene 
ace.  The  coarse  beds  occur  at  several  horizons  and  are  so  intimately  associated  with  the  fossUif- 
erous  strata  as  to  suggest  that  the  whole  section  is  marine. 

The  shale  overlying  the  bowlder  conglomerate  and  sandstone  is  hght-colored  detrital  mate- 
rial, thill  bedded,  and  so  readily  eroded  that  it  does  not  form  conspicuous  exposures.  It  has 
not  been  examined  m  detail,  but  it  is  supposed  to  be  made  up  of  muds  derived  by  the  more 
complete  commmution  of  granitic  material  sunilar  to  the  granite  m  composition.  It  may  be 
a  delta  plain  or  alluvial  deposit  distributed  by  quieter  waters  than  those  which  carried  out  the 
bowlder  wash,  or  it  may  have  been  deposited  under  water.  At  present  there  is  no  conclusive 
evidence  as  to  its  origin. 

Overlyhig  the  shale  is  a  massive  accumulation  of  flows  of  l)asaltic  lava,  with  vesicular 
and  slaggy  layers.  Evidently  many  distinct  flows  are  represented  in  the  thickness  of  some  600 
feet  measured  on  North  Fork.  These  flows  mclude  several  mtercalated  layers  of  shale  and 
hmestone,  with  which  the  most  valuable  colemanite  deposits  of  the  district  are  associated. 

The  basalt  is  overlam  by  another  mass  of  shale  and  sandstone  similar  to  that  which  under- 
lies it.  The  history  represented  by  these  beds  may  be  much  like  that  which  preceded  the 
outpourings  of  the  lava. 

The  colemanite  of  Ventura  County  is  evidently  tyj^ical  of  the  mmeral  as  it  occurs  elsewhere. 
It  is  found  in  solid  crystalline  masses  of  large  size  but  of  very  irregular  form.  The  mmeral 
itself  m  its  purest  form  is  milky  white,  even  glassy  in  part,  much  resembhng  pure-white  calcitc 
m  general  appearance  and  cleavage.  The  crystal  forms  are,  however,  quite  distinct  from 
those  of  calcite.  The  less  pure  massive  ore  mcludes  grayish  or  even  black  crystalline  bodies, 
the  color  of  which  is  supposed  to  be  due  to  included  impurity. 

The  mineral  masses  as  a  whole  are  of  very  irregular  form,  but  they  have  been  generally 
described  as  bedded  deposits,  for  they  appear  to  follow  the  bedding  of  the  sedimentary  strata 
with  wliich  they  are  associated.  When  examined  in  detail,  however,  the  mineral  colemanite 
does  not  exliibit  any  bedding  structure  but  only  the  forms  characteristic  of  the  crystallization 
of  the  mineral  itself.  The  massive  deposits  are  either  crystalline  without  defuiite  arrangement 
or  show  radial  structures  as  well  as  seams  of  definitely  vein-banded  material,  mcluded  between 
walls,  m  places  containing  open  cavities  Imed  with  crystal  temiinations.  The  irregularity  or 
bunchy  character  of  the  deposits  alone  would  prohibit  strict  parallelism  with  the  distinctly 
bedded  shales  in  which  they  are  included.  Other  evidence  afforded  by  the  deposits  themselves 
is  suggestive  of  formation  in  veins,  as  will  be  pointed  out. 

The  larger  deposits  of  colemanite,  such  as  those  of  the  Columbus,  Russell,  and  Frazier 
mines,  are  associated  with  shale  and  limestone  lenses  mcluded  within  the  section  of  basalt  lava 
flows.  In  each  of  the  mines  mentioned  the  colemanite  ore  appears  to  have  been  developed  in 
immediate  association  with  a  bed  of  limestone  included  within  the  shale.  This  limestone  is 
massive  or  of  rough,  porous  character  on  the  weathered  outcrop,  suggesting  the  designation 
"travertine-like."  Basaltic  lava  occurs  stratigrapliically  above  and  below  the  ore  bodies  and 
is  generally  encountered  in  the  mme  workuags  not  far  from  the  ore.  The  shale  bands  interca- 
lated within  the  basalt  flows  much  resemble  the  shales  that  both  overlie  and  underlie  the 
whole  sequence  of  flows. 

The  present  attitude  of  the  beds  that  include  the  ore  bodies  ranges  from  nearly,  flat  to 
steeply  dipping.  The  nearly  horizontal  ore  bodies  in  the  Frazier  mine  are  the  development 
of  beds  near  the  crest  of  an  anticlinal  fold.     In  general  the  rocks  dip  steeply. 

In  one  large  deposit  examined  underground  (in  the  Russell  mine)  the  main  ore  body 
follows  a  zone  of  slip  faidtmg,  which  is  also  approxunately  parallel  to  the  bedding,  the  ore 
being  Ihuited  with  much  distinctness  b}^  a  wall  of  slickensidcd  gouge. 
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The  outcrops  have  rarely  shown  any  colemanite,  even  in  the  ore-bearing  zone.  The  one 
exception  noted,  that  of  the  original  discovery  at  the  Frazier  mine,  was  an  exposure  near  the  top 
of  a  very  steep  bluff  in  which  a  great  amount  of  slipping  had  taken  place  and  normal  outcrops 
were  not  present.  Possibly  a  minor  amount  of  the  borate  minerals  is  also  present  elsewhere  in 
the  outcropping  strata,  but  it  is  very  inconspicuous  and  was  not  observed.  As  a  rule  the  out- 
crop of  the  borate-bearing  beds  is  either  folded  and  crumpled  shale  or  shale  including  a  massive 
limestone  lodge,  the  limestone  forming  the  most  conspicuous  part  of  the  outcrop.  These  zones 
are  generally  indicated  by  an  abundance  of  gypsum,  which  is  a  marker  followed  in  prospecting 
and  occui-s  in  the  form  of  thin  stringers  included  in  the  opened  l)edding  planes  and  m  cross  fractures 
of  the  shale.  All  the  gypsum  is  of  the  clear  crystalline  variety  selenite,  and  no  massive  bedded 
deposits  of  gypsum  are  known  in  tliis  region.  The  outcrops  of  these  gypsiferous  shales  are 
also  characteristically  marked  by  the  occurrence  of  "button"  concretions — flattened  spheroidal 
nodules  or  disks  of  calcareous  composition  that  have  very  commonly  been  mistaken  for  fossils. 
Tlie  occurrence  of  these  concretions  at  the  outcrop  of  the  basaltic  lava,  in  the  immediate  A'icinity 
of  the  ore-bearing  zones,  usually  only  a  few  feet  distant,  is  believed  to  be  significant  and  is 
generally  noted  and  referred  to  by  the  prospector.  As  a  rule,  however,  the  prospector  regards 
the  lava  as  an  intrusive  "porphyry,"  which  it  clearly  is  not,  as  attested  by  its  common  vesicular 
and  amygdaloidal  character,  as  well  as  its  distinctly  bedded  structure,  conformable  with  the 
sedimentary  strata. 

Certahi  specimens  collected  on  the  ore  dum])s  and  in  the  mines  show  that  at  least  a  part 
of  the  colemanite  is  a  replacement  deposit.  Irregular  portions  of  the  limestone  are  surrounded 
by  white  crvstalline  colemanite,  and  minute  fractures  which  traverse  the  limestone  throughout 
are  also  filled  with  this  mineral.  These  vcinlets  are  observed  to  have  been  enlarged  iiTegularly 
mtliin  the  limestone.  Small  rounded  masses  of  limestone  are  also  included  withm  the  solid 
]>ortions  of  the  colemanite,  indicatmg  that  in  places  the  same  enlargement  of  intersecting 
veinlets  has  been  carried  to  a  further  stage  and  the  separated  limestone  portions  are  residual 
■within  the  deposited  colemanite. 

GENERAIi  EVIDENCE   OF   VEIN   CHARACTER   OF   COLEMANITE  DEPOSITS. 

The  direct  evidence  of  the  character  of  the  colemanite,  of  course,  lies  in  the  deposits  them- 
selves. If  the  deposits  are  of  vein  form,  the  evidence  suggesting  it  has  hitherto  been  overlooked. 
In  natural  outcrops  relationsMps  are  obscure.  The  study  of  the  ore  in  place  is  not  facilitated 
by  conditions  at  the  mines.  The  old  minmg  entries  on  the  Ventura  County  deposits  were,  when 
visited,  either  inaccessible  or,  if  open,  were  heavily  timbered,  drippmg  with  water,  and  coated  with 
mud,  so  that  they  were  not  favorable  to  detailed  study  of  the  character  of  the  ore.  The  facts 
of  observation  therefore  are  not  yet  to  be  considered  conclusive,  and  judgment  as  to  whether 
these  deposits  originated  as  veins  or  through  desiccation  involves  a  study  of  other  more  general 
considerations. 

Colemanite,  the  borate  of  lime,  is  relatively  insoluble  in  water.  A  recent  determmation, 
made  at  tlie  wTiter's  suggestion  by  W.  B.  Ilicks  in  the  Geological  Survey  laboratory',  of  the 
solubility  of  certain  specimens  of  apparently  ))ure  colemanite  from  the  Ventura  County  deposits 
has  showni  that  at  ordmaiy  temperatures  (20°  to  25°  C.)  about  1  part  is  soluble  in  about  1,100 
parts  of  water.  Van  't  Iloff  has  shown  that  colemanite  may  be  produced  artificially  by  reactions 
from  other  calcium  borates  in  saturated  alkali  chloride  solutions,  but  the  WTiter  knows  of  no 
data  concerning  the  possible  formation  of  this  mineral  by  direct  reaction  of  boric  acid  and  lime- 
stone. It  is  natural  to  assume  that  free  boric  acid,  which  is  a  common  constituent  of  the  later 
volcanic  emanations  in  this  general  region,  might  react  with  limestone,  and  that  by  the  substi- 
tution of  boric  for  carbonic  acid  the  lime  borate  would  be  formed.  Thus  by  a  process  of  metaso- 
matic  replacement  might  have  been  formed  deposits  of  the  typical  irregular  character  of  the 
known  colemanite  masses,  roughly  following  the  beddmg  of  the  original  calcareous  rock  or  of 
the  interbedded  lenticular  bodies  of  limestone.  Therefore  in  so  far  as  the  natural  reactions  are 
concerned  the  formation  of  colemanite  as  fissure  and  replacement  vein  deposits  is  well  within 
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the  limits  of  possibility.  But  for  other  reasons  also  it  seems  that  these  colemanite  deposits  are 
not  logically  to  be  ascribed  to  deposition  as  the  principal  constituent  of  a  residue  derived  from 
the  waters  of  a  desiccating  saline  lake. 

Borates  have  been  shown  to  exist  in  natural  salme  waters  and  desiccation  deposits  in  many 
parts  of  the  Great  Basin  and  the  desert  countiy  of  the  western  United  States.  So  far  as  known 
to  the  writer,  however,  colemanite  has  nowhere  been  deposited  as  a  result  of  desiccation,  but 
rather  the  boric  acid  has  combined  to  form  the  rnore  common  surface  saline  minerals,  such  as 
ulexite  and  tmcal.  Is  it  therefore  reasonable  to  suppose  that  ulexite,  tmcal,  etc.,  could  have 
been  the  primary  deposits  of  such  Tertiary  dry-lake  formations,  from  which  colemanite  had 
subsequently  formed  as  a  secondaiy  product  ?  If  this  had  been  so,  would  not  some  evidence 
of  the  primary  deposit  be  at  hand,  either  in  the  composition  or  in  the  structure  of  some  parts 
of  the  colemanite  deposits?     Such  evidence  has  not  been  recorded. 

If  colemanite  were  but  a  part  of  a  natural  saline  residue  deposited  by  the  desiccation  of  the 
waters  in  which  these  materials  had  accumulated  and  become  concentrated,  it  would  be  most 
natural  to  expect  other  salmes  that  are  commonly  more  abundant  than  the  salts  of  boric  acid  in 
the  ty])ical  desiccation  deposits  of  the  desert  region.  No  appreciable  amoimt  of  bedded  salt, 
sodium  sulphate,  or  carbonate  is  to  be  found  with  the  colemanite  deposits  known  to  the  writer. 
The  borate-bearing  shales  of  the  Ventura  County  deposits  are  not  even  of  a  character  that  might 
be  described  as  "alkalme"  in  ordinaiy  desert  parlance. 

Gypsum  and  limestone,  the  latter  travertine-hke,  occur  in  association  with  the  borates, 
and  former  writings  have  already  been  cpioted  to  the  effect  that  both  are  chemical  residues 
derived  from  the  same  desiccation  that  crystallized  the  colemanite.  The  gypsum  associated 
with  the  borate-bearing  shales  is  crj^staUine  selenite.  AH  or  the  gi'eater  part  of  it  occurs  in  thin 
stringers,  which  not  only  follow  the  bedding  joints  of  the  shales  but  fdl  transverse  fractures. 
The  cross-fiber  structure  of  much  of  this  selenite  is  evidence  of  its  deposition  in  veins.  No  rock 
gy[3simi  of  distinctively  setUmentary  character  was  observed  in  any  of  these  beds.  Gypsum  is 
being  dej^osited  from  ground  waters  along  the  walls  of  the  mining  entries  at  tlie  present  tinie. 
It  still  remains  to  be  proved,  therefore,  that  any  gypsum  of  original  sedimentary  character  is 
included  with  the  borate-bearing  deposits.  All  of  this  mineral  present  may  have  been  intro- 
duced in  solution  by  percolating  ground  waters.  The  stringers  of  gypsum  noted  so  abundantly 
in  the  outcrops  of  the  borate-bearing  shales  have  not  been  shown  to  persist  in  like  quantity  in 
the  few  deeper  developments  of  the  mining  entries. 

The  limestone  strata  with  which  the  principal  colemanite  ore  bodies  are  associated  are 
evidently  original  in  the  sedimentary  sequence.  They  are  in  part  at  least  travertine-like, 
weathering  in  rough  tufa-like  surfaces,  and  are  not  comjjact  like  more  typical  limestones.  Their 
character  suggests  the  probability  that  they  are  chemical  deposits,  possibly  of  local  extent,  laid 
down  in  shallow  waters,  being  similar  to  the  travertine  deposits  now  forming  near  springs  or 
where  ground  waters  flow  into  ponds  or  saline  lakes.  The  limestone  masses  are  believed  to  be 
of  lenticular  form  and  to  occur  interbedded  with  shales  at  various  horizons  witliin  the  flows  of 
basaltic  lava.     They  are  not  necessarily  the  product  of  desiccation. 

In  fact,  there  is  little  evidence  from  the  stratigraphic  section  associated  with  the  borate 
beds  of  Ventura  County  that  can  be  taken  to  indicate  the  extensive  lacustral  conditions  com- 
monly assumed  to  have  existed  during  the  Miocene  epoch  in  the  Tertiary.  Some  of  the  asso- 
ciated deposits  may  have  been  "lake  beds,"  but  the  writer  believes  rather  that  the  submergences 
were  the  result  of  local,  temporary,  and  vaiiable  conditions,  such  as  may  have  occurred  during 
or  after  ])eriods  of  shallow  flooding  in  the  lower  portions  of  jiiedmont  fluviatile  jilains. 

Lastly,  an  explanation  of  the  source  of  the  boric  acid  is  to  be  sought.  NaturaUj-,  a  volcanic 
origin  is  suggested,  and  in  Ventura  County  the  association  of  the  colemanite  with  the  basaltic 
lava  is  certainly  intimate.  It  is  a  common  saying  among  prospectors  of  the  district  that ' '  borax  " 
wiU  not  be  found  except  near  a  "porphyry  contact"  and  in  association  with  limestone.  It  is 
true  that  the  larger  ore  bodies  mined  are  all  in  close  relation  with  some  ])art  of  the  basaltic  lava 
flow  rock  in  place,  generally  within  a  few  feet  of  it.     The  borate-bearing  beds  follow  the  outcrop 
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of  the  basalt  flows  throughout  the  district.  The  question  in  what  way  boric  acid  originating 
with  the  extrusion  of  these  flows  could  have  caused  reactions  and  mineral  deposition  soon  or 
long  after  the  period  of  the  lava  extrusion  remains  for  further  investigation. 

SUMMARY. 

The  evidence  favormg  the  hypothesis  of  a  desiccated  saUne  lake  to  explain  the  origin  of  the 
colemanite  has  little  to  support  it  beyond  rather  general  assumptions.  The  actual  character  of 
the  deposits  themselves  indicates  rather  a  A^ein  type  of  formation.  The  gyjjsum  which  has  been 
pointed  to  as  a  desiccation  dejiosit  related  to  the  colemanite  is  also  of  vein  character.  Other 
saUnes  which  would  naturally  be  expected  in  desiccation  deposits  resulting  from  natural  saline 
solutions  are  not  found  in  association  with  the  colemanite.  Those  who  have  supported  the 
desiccation  hypothesis  have  ofi'ered  no  explanation  of  the  reaction  which  might  produce  cole- 
manite in  such  massive  deposits  as  a  product  of  water  evajwration,  while,  on  tlie  contrary,  its 
formation  from  limestone  in  veins  by  replacement  of  carbonic  acid  with  boric  acid  is  a  natural 
Avorking  hyiJothesis  that  deserves  experimental  investigation.  The  relations  of  the  deposits  to 
basalt  lava  flows  indicate  the  probable  origin  of  the  boric  acid  at  the  tinie  of  the  extrusion  of 
these  lavas,  although  it  may  also  be  necessary  to  assume  that  this  acid  continued  to  find  its  way 
into  solution  of  the  cu-culating  ground  waters  long  after  the  period  of  the  lava  extrusions. 


THE  MUD  LUMPS  AT  THE  INIOUTHS  OF  THE  MISSISSIPPI. 


By  Eugene  Wesley  Shaw, 


INTRODUCTION. 

The  territory  within  a  mile  or  two  of  each  of  the  mouths  of  the  Mississippi  is  characterized 
by  large  swellings  or  upheavals  of  tough  bluish-gray  clay,  to  which  has  been  applied  the  name 
"mud  lumps."  Many  of  these  mud  lumps  rise  just  offshore  and  form  islands  having  a  surface 
extent  of  an  acre  or  more  and  a  height  of  5  or  10  feet  (see  PI.  I,  A),  but  some  do  not  reach  the 
water  surface.  They  rise  and  subside  at  iiTegidar  rates,  some  of  them  suddenly,  and  they  have 
been  spoken  of  as   the  evil  genii  of   the  ^ 

Passes,  for  constant  vigilance  is  necessary 
to  keep  charts  of  these  waters  properly 
corrected.     (See  fig.  1.) 

Almost  all  the  mud  lumps  occur  near 
bars  at  the  mouths  of  the  river.  These  bars 
are  gi"eat  piles  of  sediment  wliich  accumulate 
where  the  branches  or  passes  of  the  river 
enter  the  sea.  Their  crests  are  naturally 
only  about  10  feet  under  water,  whereas 
for  200  miles  upstream  the  river  Is  50  to 
200  feet  deep,  but  the  United  States  engi- 
neers have  made  channels  30  to  35  feet 
deep  and  several  hundred  feet  wide  across 
the  bars  at  South  and  Southwest  passes. 
The  natural  bar  of  Southwest  Pass  and  the 
changes  made  In  It  by  the  engineers  are 
Illustrated  In  Plate  II. 

An  Immense  amount  of  traffic  finds  its 
natural  course  southward  and  eastward 
from  the  north  side  of  the  Gulf  of  Mexico, 
and  this  commerce,  wluch  Is  certain  to 
augment,  must  be  protected  and  the  ap-  5?° °  500 Feet 

T^roaches     to    New    Orleans     Improved     and    figure  1.— sketches  showing  depth  and  condition  of  channel  at  different 
*  dates  and  development  of  mud  lumps  at  entrance  of  Southwest  Pass. 

From  data  furnished  by  United  States  Corps  of  Engineers.  The  area  lies  in 
the  middle  of  the  channel  and  just  outside  the  jetties.  Sketches  a,  b,  and  c 
were  prepared  from  soundings  made  A  pr.  29,  May  10.  and  May  19,  respec- 
tively. One  of  the  mud  lumps  rose  in  the  middle  of  the  channel  where,  on 
Apr.  29,  there  was  45  feet  of  water  but  on  May  19  only  23  feet.  Apparently 
some  of  the  lumps  shifted  slightly  in  position  and  others  subsided  while  new 
ones  rose  near  by.  The  shape  of  the  bottom  here  at  any  particular  time  is  a 
result  of  the  work  of  the  river,  the  activities  of  the  mud  lumps,  and  the  Gov- 
ernment dredging  operations. 


even  their  present  large  capacity  Increased. 
New  Orleans,  although  over  100  miles 
from  the  sea,  Is  now  the  fifteenth  largest 
city  and  the  second  largest  port  in  the 
United  States,  so  that  the  seaward  outlet 
for  her  commerce  Is  of  vital  importance. 

The  mud  lumps  are  also  of  considerable 
purely  scientific  Interest,  for  their  development  Is  not  Included  In  the  usual  concept  of  delta 
growth,  and  although  several  hypotheses  concerning  them  have  been  advanced,  their  cause 
must  still  be  regarded  as  uncertain. 
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PRESENT  AND  PRECEDING  INVESTIGATIONS. 

The  present  study  of  the  mud  lumps,  wliich  is  a  part  of  the  Coastal  Plain  investigations  of 
the  United  States  Geological  Survey,  has  been  only  begun,  and  this  report  is  but  a  brief  summary 
of  existing  knowledge  of  the  mud  lumps  and  of  features  and  processes  which  may  throw  light 
on  their  origin.  It  includes  some  facts  and  ideas  gathered  in  a  few  weeks  spent  at  the  mouth  of 
the  river  in  the  fall  of  1912  and  the  summer  of  1913.  On  the  fu-st  trip  the  United  States  engmeers 
gave  much  assistance  and  furnished  many  important  data,  and  on  the  second,  tlxrough  the 
courtesy  of  Dr.  H.  F.  Moore,  of  the  Bureau  of  Fisheries,  the  United  States  steamship  Fish  Hawk 
was  made  available  for  collecting  samples  of  water  and  mud  just  offshore.  T.  Wayland 
Vaughan  and  others  have  furnished  valuable  suggestions  and  Prof.  E.  W.  Hilgard  and  several 
members  of  the  United  States  Engineer  Corps  and  United  States  Geological  Survey  have  very 
kindly  read  and  criticized  the  manuscript. 

Comparatively  httle  geologic  field  work  has  been  done  on  the  problems  of  the  Mississippi 
Delta  or  the  mud  lumps.  Lyell  and  Hilgard  have  made  the  principal  contril)utions,  their  results 
beinc  set  forth  in  several  publications.  Lyell's  conclusions  are  summarized  in  his  textbook,  and 
Hilgard's  in  a  recent  paper  entitled  "A  new  development  in  the  Mississippi  delta,"  pubUshed 
in  the  Popular  Science  Monthly  for  March,  1912,  and  also  in  several  papers  pubUshed  in  the 
American  Journal  of  Science  in  1871.  The  engineering  problems  connected  with  the  mud  lumps 
have  been  extensively  discussed,  particularly  in  the  annual  reports  of  the  United  States  engi- 
neers. The  lumps  are  probably  peculiar  to  the  delta  of  the  Mississippi,  but,  as  Hilgard  says,  it 
seems  remarkable  that  upheavals  so  e.xtensive  should  escape  discussion  or  even  reference  in 
most  of  the  best  textbooks  on  geology.  Potonie,'  however,  has  described  a  growth  similar,  in 
some  respects  at  least,  to  the  mud  lumps  and  concludes  that  it  was  produced  by  marsh  gas,  clay 
having  flowed  into  the  cavity  as  the  gas  escaped,  making  the  island  permanent. 

Several  hypotheses  concerning  the  cause  of  the  lumps  are  worthy  of  consideration,  though 
few  have  been  set  forth  m  print.  Volcanism,  faulting,  the  accumulation  of  bodies  of  rock  salt 
or  sulphur  or  oil  hke  laccoliths  below  the  surface,  anil  the  forcing  up  of  the  clay  by  hydraulic 
pressure  transmitted  through  water  from  higher  points  to  the  landward  through  inclosed  porous 
strata  seem  to  be  out  of  the  question  as  causes  of  the  phenomenon.  The  two  ideas  most  favored 
have  been  (1)  that  the  lumps  are  upheaved  by  gas,  and  (2)  that  the  pressure  of  the  constantly 
increasing  deposits  of  the  delta  has  in  some  way  caused  the  upheavals. 

Hilgard  contends  that  the  mud  lumps  owe  their  existence  to  the  pressure  of  a  layer  of 
sand  and  silt,  perhaps  30  or  40  feet  tliick,  on  a  thinner  layer  of  very  fluid  mud  below,  wliich  in 
turn  rests  upon  a  stratum  that  he  calls  Port  Hudson  clay — a  deposit  very  difl'erent  from  any 
being  formed  to-day.  He  beUeves  that  just  offshore  much  river-borne  colloidal  sediment  is 
being  flocculated  by  the  salt  of  the  sea  and  is  slowly  settling,  forming  a  layer  of  sludge;  that  a 
more  granular  and  compact  layer  is  built  out  on  this  sludge,  gi\ang  rise  to  an  unstable  condition; 
and  finally  that  wherever  the  crust,  so  to  speak,  is  weakest  the  sludge  is  forced  up  to  the  surface 
through  the  weight  of  the  sand  and  silt.  It  thus  becomes  of  prime  importance  to  determine 
whether  or  not  the  bottom  offshore  is  very  fluid  mud. 

When  Capt.  James  B.  Eads  proposed  to  put  in  jetties  at  the  end  of  South  Pass  to  cause 
the  river  to  scour  deeper  and  do  some  of  the  work  that  the  dredges  had  been  doing  in  keeping 
a  navigable  depth  of  water  over  the  bar  Hilgard  wrote  to  Eads  saying  that  if  tliis  plan  were  put 
into  operation  a  deeper  channel  would  be  scoured,  but  that  the  scouring  would  weaken  the 
crust  of  silt  so  much  that  the  fluid  mud  from  below  would  break  up  through,  obstructing  the 
channel  more  seriously  than  the  fine  sand  of  the  bar.  Eads  had  encountered  considerable 
objection  to  Iris  plan  of  building  jetties,  but  he  was  a  man  of  both  means  and  deteiinination 
and  Ms  final  proposal  to  advance  the  funds  for  builcUng  the  jetties  and  ask  no  reimbui-sement 
until  the  desired  depth  of  water  was  obtained  was  accepted.  He  replied  to  Hilgard  that  a 
surcease  from  the  heavy  burden  of  dredging  for  20  or  30  years  would  be  worth  the  cost  of  the 

1  Potoni^,  H.,  Eine  im  Ogelsee  (Prov.  Brandenburg)  plotzlich  neu  entstandene  Insel:  K.  preuss.  geol.  Landesanstalt  zu  Berlin  Jahrb.,  Band 
32,  TeU  1,  pp.  1S7-2IS,  1911. 
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A.     MUD-LUMP    ISLANDS    2    TO    3    MILES    SOUTHEAST    OF    PASS    A    LOUTRE 
LIGHTHOUSE. 

All  these  islands  have  been  formed  in  the  last  few  years  by  the  swelling  up  of  portions  of  the  sea 
floor,  so  recently  that  none  of  them  are  shown  on  the  latest  chart.  Like  other  mud  lumps 
they  are  comparatively  flat-topped  and  concordant  in  height. 


VIEW     ABOUT      ,     MILES    SEAWARD    FROM     END    OF    SOUTHWEST    PASS. 


Showing  light-colored,  muddy  river  water  in  foreground  and  dark,  clear  sea  water  in  distance. 
The  boundary  between  the  two  is  very  sharp,  and  there  seems  to  be  also  a  difference  in  wave 
form  between  the  clear  and  the  muddy  water. 


0     MUD    SPRING    AT    TOP    OF   WAVE-CUT    CLIFF    ON    MUD    LUMP  3    MILES   SOUTHEAST 
OF    PASS    A    LOUTRE    LIGHTHOUSE. 

fhis  and  the  other  photographs  were  taken  in  the  low-water  season,  when  the  springs  and  mud 
lumps  are  least  active.  To  judge  by  the  fact  that  the  rim  of  the  "crater  has  been  bu, It  ud 
only  a  few  inches  the  discharge  from  this  spring,  even  when  most  active,  is  probably  very 
slight.  These  spluttering,  volcano-like  gas-mud  springs  seem  a  fitting  accompaniment  to  the 
weird,  silent,  and  unforeboded  rise  and  subsidence  of  the  islands. 
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MAP    OF    THE    BAR    AT    THE    OUTER    END    OF    SOUTHWEST    PASS. 

Showing  changes  effected  in  the   last  13  years  by  the   building  of  jetties  and  dredging.     From  data  furnished  by  United  States  engineers.     .1  shows  the  pass  as  it  is  in  191  3.     5  shows  comparative   profiles  of  the  center  of  the 

channel  in  1898  and  in  1913.     C  shows  the  pass  as  it  was  in  1898,  when   the  oontrolling  depth  on  the  bar  was  only  about  10  feet.     Corresponding  positions  are  shown   directly  above  and   beneath  each   other.      Whether 

any  of  the  elevations  on  the  crest  of  the  bar  in  1898  were  mud  lumps  is  not  known,  but  the  fact  that  at  that  place,  which  has  since  been  deeply  scoured,  there  are  to-day  no  mud   lumps  and  that  on  the  crest  of  the  present 

bar,  where  in   1898  there  was  over  70  feet   of  water,   mud    lumps  are   numerous  seem  to  militate  against  the  idea  that  "mud   lumps  commonly  arise  in  a  pass  immediately  inside  of  the  steep   upstream   slope  of  the 

*     where  the  depth  is  greatest  and  where  the  bottom  can  therefore  most  readily  yield.  ' 


bar, 
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jetties  and  begged  Hilgfiid  not  to  press  liis  objection.  Hilgard  agreed  but  prophesied  that 
mud  lumps  would  appear  within  30  or  40  years  on  the  irmer  slope  of  the  bar  where  the  river  was 
caused  to  scour  most  deeply.  Forty  years  has  passed  and  the  appearance  of  a  mud  lump  at 
the  end  of  South  Pass  according  to  Hilgard 's  prophecy  is  the  principal  theme  of  his  recent 
paper. 

THE    LOWER    END    OF    THE    DELTA. 

AMOUNT     OF     AVAILABLE    INFORMATION. 

Geologists  are  exploring  in  greater  or  less  detail  about  one-fourth  of  the  earth's  surface, 
the  remaining  tlu-ee-fourths  bemg  covered  with  water.  They  have  obtained  much  information 
concerning  the  underl>-ing  rocks  and  the  geologic  liistory  of  all  lands  but  have  learned  so  httle 
of  the  sea  bottom — both  its  underlying  materials  and  its  history  in  ages  gone  by — that  the 
permanency  of  ocean  basins  is  still  a  subject  of  discussion.  The  interpretation  of  ancient 
sedimentary  deposits  has  reached  an  advanced  stage,  but  not  with  the  assistance  of  any  large 
amount  of  exact  detailed  information  on  present  depositional  conditions  and  processes  now  in 
operation.  Erosion  has  been  studied  in  detail  and  the  effects  of  its  various  factors  have  been 
carefully  evaluated,  but  sedimentation  appears  not  to  have  received  its  share  of  attention. 
The  study  of  the  composition,  structure,  and  mode  of  growth  of  the  Mississippi  Delta  is  therefore 
of  great  interest,  for  here  a  new  geologic  formation  is  now  developing  and  processes  of  sedimenta- 
tion are  operating  rapidly  and  on  a  large  scale. 

The  lower  end  of  the  Mississippi  Delta  seems  to  be  a  region  much  frequented  but  httle 
known.  Every  year  multitudes  of  people  visit  New  Orleans,  but  travel  is  confined  for  the 
most  part  to  the  four  or  five  main  rail  and  water  routes.  Between  these  routes  he  oreat  areas 
of  marsh  wliich  man  has  not  put  to  his  ser\'ice  and  wliich  are  not  often  traversed  either  by 
naturahsts  or  by  others.  Perhaps  it  has  been  thought  that  the  mode  of  growth  of  the  Delta  is 
so  simple  and  so  well  understood  that  investigation  would  reveal  nothing  new.  The  prevaifinf 
idea  seems  to  be  that  deltas  are  built  up  regularly  by  the  addition  of  topset,  foreset,  and  bottom- 
set  beds,  and  that  this  process  and  the  constant  shiftmg  of  the  network  of  channels  constitute 
about  all  that  happens.  But  numerous  facts — for  example,  the  fact  that  the  mouths  of  the 
Mississipjii  are  apparently  not  shifting — do  not  accord  with  this  idea. 

Notwithstanchng  the  fact  that  the  region  is  in  some  respects  an  uncomfortable  dwelhng 
place  it  has  many  attractive  features.  Mosquitoes  are  somewhat  troublesome,  particularly  a 
few  miles  back  from  the  open  sea,  and  sand  fhes  are  abundant  along  the  coast  at  certain  times 
of  the  year.  The  marshes  are  commonly  too  soft  for  travel  of  any  kind,  so  that  houses  and 
walks  are  built  on  piles  a  few  feet  above  the  mareh,  the  interior  of  which  would  be  almost 
inaccessible  were  it  not  for  the  passes  and  bayous  that  ramify  it.  But  the  discomforts  are  more 
than  overbalanced. by  the  features  of  interest,  especially  in  the  autumn.  Orange  groves  border 
the  river  from  New  Orleans  down  ahnost  to  the  Head  of  the  Passes,  below  which  hunting,  trap- 
ping, fishing,  and  oyster  growing  occupy  the  time  of  most  of  those  not  engaged  in  Government 
work  or  as  pilots.  The  region  abounds  in  water  fowl  and  in  rabbits,  muskrats,  and  raccoons. 
The  proximity  of  the  sea  ahnost  precludes  oppressive  heat  and  the  temperature  rarely,  if  ever, 
reaches  the  freezing  point.  Laborers,  however,  sometimes  cease  working  in  muter  on  account 
of  cold  winds.  Large  areas  in  the  newer  part  of  the  Delta  are  not  forested;  indeed,  all  the 
plants  of  the  region  seem  to  be  marcliing  toward  the  sea  by  groups  in  orderly  fasliion. 

The  most  striking  evidence  that  the  Delta  is  httle  known  is  that  its  geography  is  quite 
different  from  that  indicated  on  the  latest  charts.  (See  fig.  2.)  No  less  than  100  square  miles 
of  land  is  represented  on  these  charts  as  water,  and,  what  is  still  more  remarkable,  many  scj^uare 
miles  of  water  are  shown  as  land.  AU  the  best  maps  of  the  lower  end  of  the  Delta  show  a  deep 
indentation,  called  Garden  Island  Bay,  between  South  Pass  and  Southeast  Pass.  As  a  matter  of 
fact,  there  is  only  a  smaU  reentrant  between  these  passes,  and  the  maps  were  out  of  date  15  or 
20  years  ago.  The  reason  for  the  inaccuracy  is  that  the  territory  between  the  passes  is  not 
often  visited  and  has  not  recently  been  surveyed.  The  coast  chart  has  been  corrected  from 
time  to  time,  but  only  from  data  concerning  the  traveled  passes. 
38725°— No.  8.5—14 2 
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In  order  to  formulate  working  hypotheses  concerning  the  mud  lumps  it  seems  necessary 
fii-st  to  learn  as  much  as  possible  of  the  composition,  structure,  and  mode  of  growth  of  the  Delta. 

A  considerable  part  of  southern  Louisiana  is  less  than  10  feet  above  sea  level  and  much  of 
it  is  inundated  every  year,  receiving  at  each  inundation  a  greater  or  less  amount  of  sediment. 
The  land  surface  is  also  losing  sonie  mateiial  through  solution  and  stream  transportation,  but 
on  the  whole  it  is  being  gradually  built  up,  or  at  least  it  was  being  built  up  before  the  levees 
were  built  and  much  of  the  flood  water  was  shut  out.  Along  the  border  of  this  flood  plain 
lie  other  lowlands,  only  a  few  feet  higher  but  having  an  aspect  so  different  as  to  soil,  vegetation, 
and  form  of  surface  that  thev  arc  casilv  iHstinguished.     The  highest  land  hes  along  the  river. 


FiGiTRE  2. — Sketch  map  of  lower  end  of  Delta  of  the  Mississippi,  showing  approximately  areas  of  land  and  water  formed  sinee  the  last  detailed  and 
complete  survey  w-as  made.  The  coast  chart  has  been  corrected  almost  yearly  for  modifications  in  the  territory  immediately  adjacent  to  the 
well-traveled  passes,  but  not  for  the  extensive  changes  that  have  talcen  place  in  the  great  marshes  and  bays  between  the  passes.  Although  the 
Delta  receives  from  the  Mississippi  about  400,000,000  tons  of  sediment  every  year  and  its  front  is  commonly  said  to  be  advancing  into  the  sea  at 
the  rate  of  340  feet  a  year,  the  sea  is  at  many  places  encroaching  on  the  land.  The  immense  amount  of  new  land  that  has  recently  been 
formed  in  Garden  Island  Bay  is  a  result  of  a  crevasse  that  was  formed  several  years  ago  near  the  Head  of  the  Passes. 

the  banks  of  which  slope  gradually  from  heights  10  to  15  feet  above  low  water  at  New  Orleans 
to  sea  level  at  the  mouths  of  the  river,  and  the  high-water  profile  has  a  similar  decUne. 

To  an  observer  at  the  mouth  of  the  river  the  idea  that  the  region  is  a  great  dumping  ground 
for  a  large  part  of  the  United  States  is  most  impressive.  Tlie  land  is  being  built  out  into  the 
sea  at  an  estimated  average  rate  of  about  300  feet  a  year,  and  although  this  estimate  may  he 
high,  the  rate  is  certainly  rapid,  as  the  constantly  changing  coast  line  and  aspect  of  the  vegeta- 
tion bear  witness.  In  some  places  it  is  much  more  rapid  than  othere.  In  one  place  in  Garden 
Island  Bay  the  land  appears  to  have  advanced  2,000  feet  in  the  spring  of  1912. 

Not  only  does  the  rate  of  advance  differ  from  place  to  place,  but  the  shore  is  in  places  actually 
retreating,  not  so  much  by  sea  erosion  as  by  settling,  which  in  places  predominates  over 
u|ibuilding. 
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COMPOSITION    AND    STRUCTURE. 

It  appears  that  m  general  the  upper  50  feet,  at  least,  of  the  deposits  near  the  mouth  of  the 
river  consist  of  thin  layers  of  dark-blue  clay  and  fine  sand  and  a  great  many  thin  beds  of  inter- 
mediate character,  each  of  which  grades  iiito  the  adjacent  beds.  Layers  of  clay  almost  free 
from  sand  and  beds  composed  of  a  mixture  of  clay  and  fijie  sand  are  common,  and  the  mixture 
of  clay  and  sand  is  much  more  rigid  than  nearly  pure  clay. 

Some  of  the  material  falls  no  doubt  into  the  class  known  as  topset  beds,  and  some  of  it 
belongs  to  the  foreset  beds.  Knowledge  sufficient  to  aft'ord  a  basis  for  classifying  the  beds  by 
their  physical  character  is  not  yet  available.  The  topset  beds  at  the  head  of  the  passes  are 
probably  at  least  10  and  not  more  than  100  feet  thick,  and  along  any  pass  they  probably  thin 
toward  the  coast.  The  deposits  between  the  passes  are  more  difficult  to  classify.  The  topset 
beds  are  on  the  whole  most  sandy  and  resistant  near  the  passes  and  most  clayey  in  the  bays 
and  marshes  between;  the  foreset  beds  appear  also  to  be  in  general  coarsest  near  the  passes,  but 
the  amount  of  sand  they  contain  decreases  not  only  laterally  but  do^\^lward  for  40  or  50  feet, 
the  lower  material  having  no  doubt  been  deposited  in  deep  water  some  distance  offshore.  But 
there  appear  to  be  sandy  layers  throughout  both  topset  and  foreset  beds,  and  all  the  strata  are 
more  or  less  lenticular. 

The  mechanical  character  of  the  sediment  being  deposited  near  the  mouth  of  the  river  is 
showni  in  the  followmg  table: 


Mechanical  analyses  of  samples  of  earth  obtained  near  the  mouth  of  Mississippi  River. 
[Analyses  made  by  Bureau  of  Soils,  United  States  Department  of  Agriculture.] 


No. 

Locality. 

Depth. 

Fine 
gravel 
(2  to  1 
mm.). 

Coarse 

sand 

(1  to  0.5 

mm.). 

Medium 

sand 

(0.5  to 

0.25  mm.). 

Fine 

sand 

(0.25  to 

0.1mm.). 

Very  fine 

sand 

(0.1  to 

0.05  mm.). 

Silt  (0.05 
to  0.005 

Clav 
(0.005 
mm.  or 

less). 

26196 

J  mile  east  of  Burrwood 

0.0 
.0 
.0 
.0 
.0 
.0 
.0 

.2 
.0 
.3 

0.1 
.0 
.0 
.0 
.0 
.2 
.0 

.3 
.1 
.5 

0.2 
.1 
.1 
.2 

;} 

.1 

.2 
.1 
.2 

5.5 
1.4 

.8 
.2 
.4 
.6 
2.3 

1.5 
2.5 
6.5 

64.0 
1.4 

20.6 
9.6 

42.4 

22.0 
8.1 

.6 
36.9 
28.2 

27.0 
48.9 
68.1 
63.2 
51.7 
58.6 
66.8 

39.2 
51.8 
51.2 

2.9 

48.0 

26198 
26199 

3  miles  north  of  Burrwood 

South  side  of  Redflsh  Bay 

9J  to  10  feet  below  surface 

10.4 
26.6 

10  to  lOJ  feet  below  surface 

2  J  feet  below  water  surface 

5.1 

26201 

2  miles  west  of  Burrwood 

Point  of  land  where   South 

Pass  and   Southwest   Pass 

separate. 
Mud  lump  near  Pass  a  Loutre. 
200  feet  from  river,  Port  Eads. . 
Mouth  of  Mississippi  River 

18.6 
22.6 

26203 

9  feet  below  surface  of  mud  lump. 

.58.0 
8.7 

26205 

Composite  made  up  of  235  sam- 
ples obtained  below  Head  of 
Passes. 

1.3.0 

.005 

.12 

.14 

2.17 

23.38 

52.65 

21.39 

The  most  important  and  impressive  part  of  the  above  table  is  the  analysis  of  sample  No. 
26205,  which  shows  that  fine  gi-avel,  coaree  sand,  and  medium  sand  are  present  in  the  upper 
part  of  the  Delta,  though  only  m  minute  quantity.  Fine  sand  makes  up  about  one-fifteenth 
of  the  material  antl  very  fine  sand  a  little  over  one-fourth.  The  gi-eat  bulk  of  the  material  is 
silt,  over  one-half  of  all  the  particles  measuring  between  0.05  and  0.005  milfimeter,  or  about 
0.002-0.0002  inch.  Even  clay  is  present  in  the  subordinate  amount  of  1.3  per  cent,  or  a  little 
more  than  one-eighth. 

The  chemical  character  of  the  material  lying  near  the  surface  in  the  vicmity  of  the  mouths 
of  the  river  is  shown  in  the  following  table  giving  a  prefiminary  report  of  an  analysis  of  the 
composite  sample  numberetl  26205  in  the  above  table,  wMch  is  being  made  by  George  Steiger 
in  the  chemical  laboratory  of  the  United  States  Geological  Survey,  and  also  analyses  of  mud- 
lump  clay  and  of  river-borne  sediment,  made  by  Walter  N.  Howell. 
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Chemical  analyses  of  air-dried  samples  of  material  from  upper  part  of  Mississippi  Delta. 


SiOj 

AI2O3 

FeiOa 

PeO 

FeS 

MgO 

CaO 

NajO 

KjO 

HsO  below  100°.. 
HsO  at  100° 


HjO  above  100° 

TiOa 

COj 

Volatfle  and  organic  matter. 

P2O5 

MnO 

CI 

SO3 


1.26 

l.Sti 

1.05 

Trat-e. 


1.54 

1.47 

Trace. 


8.13 
Trace. 


1.  Composite  made  up  of  235  samples  collected  by  E.  W.  Shaw  witMn  45  feet  of  sui'face  in  marshes  and  shallow  water  below  Head  of  Passes, 
most'of  the  material  from  the  upper  20  feet  of  the  Delta.    George  Steiger,  analyst. 

2.  Sample  of  mud-lump  clay  from  near  Bmrwood. 

3.  Sample  of  silt  from  bed  of  river  near  west  side  opposite  Bmrwood.    Analyses  2  and  3  made  for  United  States  engineers  by  W.  N.  Howell. 

In  order  to  determine  the  character  antl  arrangement  of  the  material  in  the  Delta,  a  samplmg 
rod  was  used  for  getting  samples  beneath  the  sm-face,  the  rod  being  pushed  down  to  the  place 
where  it  was  desired  to  take  the  sample.  The  various  degrees  of  resistance  of  the  sands  and 
clays,  or  rather  sandy  sUt  and  clayey  silt,  were  thus  readily  noted.  The  "quicksand"  of  the 
Delta  is  not  so  quick  or  fluid  as  the  clay.  The  sampler  passes  very  easily  through  beds  of  clayey 
sUt  but  can  be  forced  only  with  difficulty  through  layers  containing  a  consitlerable  amount  of 
sand,  and  often  the  sand  prevents  it  from  reaching  a  depth  of  20  feet.  The  sand  is  so  much 
more  resistant  than  the  clay  that  piles  sunk  in  New  Orleans  for  the  larger  buildings  are  driven 
down  through  clay  and  silt  to  a  comparatively  thick  bed  of  sand  that  lies  60  to  SO  feet  below 
the  surface  and  serves  as  a  firm  foumlation. 

It  appears  that  the  most  rigid  material  in  the  Delta  is  a  mixture  of  sand  and  clay  in  certain 
definite  proportions.  Crusty  layers  "as  hard  as  asphalt"  are  sometimes  reported,  and  it 
seems  probable  that  such  layers  do  not  consist  of  iron  oxide  or  other  uncommon  material  but 
of  a  sand-clay  mixture,  and  that  there  is  every  stage  of  gradation  between  this  unusually 
resistant  material  and  the  very  fluid  clays.  Experiments  are  now  being  made  with  mixtures 
of  sand  and  clay  which  it  is  hoped  will  furnish  further  information  on  this  subject. 

The  total  thickness  of  the  material  properly  referable  to  the  Mississippi  Delta  is  not  defi- 
nitely known  but  is  probably  at  least  2,000  feet.  The  shape  of  the  rock  basin  on  wliich  tliis 
material  rests  is  also  unknown;  its  sides  may  be  concave  or  convex,  and  some  think  that  it  is 
traversed  by  a  large  central  trench.  Several  wells  have  been  sunk  2,000  feet  or  more  into  this 
Delta  material,  and  although  logs  of  some  of  them  have  been  kept  and  fossils  preserved,  the 
identification  of  the  beds  is  still  uncertain.  An  unusually  large  amount  of  data  seems  to  be 
needed  to  determine  positively  the  age  of  these  strata. 

The  general  character  of  the  Delta  material  dowai  to  a  depth  of  about  1,000  feet  is  illus- 
trated by  the  record  of  a  well  drilled  in  1895  on  the  Magnolia  sugar  plantation,  on  the  west 
bank  of  Mississippi  River,  about  45  miles  below  New  Orleans.  The  well  is  owned  by  ex-Gov. 
H.  C.  Warmouth,  who  furnishes  the  following  record: 

Record  of  v:eU  on  Magnolia  sugar  plantation. 


Thickness. 

Depth. 

Soil,  black,  alluvial 

Feet. 
40 
30 
50 
40 
200 
210 
377 
33 

Ftel. 

Sand,  fine 

Clav,  stiff 

Sand  and  soft  mud 

Clay,  hard,  blue 

Sand,  pebbles,  and  small  shells 

Clay  very  hard,  blue 

9S0 
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Silt  is  accumuliitiiig  just  offshore  at  the  rate  of  several  inches  a  year,  as  may  be  shown  by 
taking  a  profile  of  the  oceaiv bottom  adjacent  to  the  mouths  of  the  river  and  drawing  a  parallel 
Ime  to  correspond  to  the  estunated  annual  seaward  advance,  about  300  feet.  (See  figs.  3  and  4.) 
The  character  of  the  material  deposited  appears  to  vary  from  season  to  season.  During  the 
period  of  high  water,  which  generally  includes  the  first  half  of  the  calendar  year,  the  sediment 
is  noticeably  coarser  than  durmg  the  period  of  low  water,  which  mcludes  roughly  the  second 
half  of  tlie  year.  The  apparent  result  is  a  structure  somewhat  resemblmg  the  annual  rings  of 
growth  of  trees.  As  the  samplmg  rod  is  forced  mto  the  earth  it  moves  downward  easily  for 
a  few  inches,  and  then  with  difhcidty  for  a  few  uaches,  and  so  on,  m  alternation.  The  minute- 
ness and  legibility  of  the  record  remain  to  be  determmed,  but  the  prmcipal  floods  and  the 
principal  times  of  drought  are  probably  recorded. 

The  material  collected  by  the  Fish  Hawk  expedition  from  the  liottom  of  the  Gulf  off  the 
mouth  of  the  Mississippi  also  indicates  that  the  deposits  consist  in  general  of  alternating  layers 


,2.1  feet  above  sea  level 


Topset  beds 

/ji  miles  from  end  ofjetties I  Present  land  surface 

Land  surface  of  1813  (100  years  ago) 


End  ofjetties 


Horizontal  scale 
Z  3 


Vertical  scale 

200        300        400         500  Feet 


r75  above  sea  level 


Horizontal  5cale 


"^^CN  i       Sea  level 


Vertical  scale 


b 

FiGuitE  3. — Profiles  showing  present  and  past  land  surface  and  sea  bottom  near  mouths  of  Mississippi,  a,  Generalized  profile  of  present  land 
surface  and  sea  bottom  from  the  Head  of  the  Passes  to  a  point  4  miles  beyond  end  of  South  Pass  jetties  and  also  of  position  of  correspond- 
ing surface  100  years  ago.  Shows  the  great  thickness  of  the  foreset  beds  of  the  Delta  as  compared  with  that  of  the  topset  beds,  which  appar- 
ently would  be  onlj-  about  one-tenth  as  thick  as  they  are  if  they  were  not  alTected  by  subsidence.  In  order  to  show  the  topset  beds  at  all  it 
is  necessary  to  exaggerate  grossly  the  vertical  scale.  &,  Enlarged  section  of  the  foreset  beds  represented  by  the  finely  ruled  portion  of  a,  show- 
ing annual  and  seasonal  growth  layers.  The  estimated  advance  of  the  bars  at  the  mouths  of  the  Passes  of  340  feet  a  year  is  believed  to  be 
considerably  greater  than  the  average  rate  at  which  the  land  is  pushing  out  to  sea.  The  above  diagrams  represent  an  annual  advance  of  265 
feet,  which  is  possibly  too  large. 

of  sandy  and  clayey  silt.  The  dredges  brought  up  from  the  bottom  a  mLxture  of  dark  clay  and 
light  gray  sandy  slime,  the  two  apparently  coming  from  different  layers.  The  core  samples 
consist  uniformly  of  stratified  material  with  stiff  clay  or  sandy  clay  at  the  bottom  and  beds  of 
increasing  fluidity  to  the  top,  which  is  nearly  clear  water.  The  most  compact  material  was 
found  near  the  ends  of  the  Passes  in  less  than  5  fathoms  of  water. 


PROCESSES  AND  CONDITIONS  AFFECTING  MODE  OF  GROWTH. 

Certain  features  of  the  Delta  suggest  that  it  is  afl'ected  by  a  process  which  heretofore  seems 
not  to  have  been  suspected,  namely,  a  bodily  flowage  toward  the  sea.  The  surface  receives  a 
new  layer  of  sediment  at  each  floods  but  its  altitude  above  sea  does  not  seem  to  show  a  corre- 
spondmg  increase.  Timbers  and  other  objects  left  on  the  surface  appear  to  sink  down  into  the 
earth,  and  on  careful  examination  it  becomes  evident  that  the  Delta  is  sinking  as  well  as  building 
upward  and  outward,  the  coast  being  most  affected.  The  tide-gage  records  at  Port  Eads  show 
a  gradual  increase  in  the  apparent  height  of  mean  tide  from  2  feet  20  years  ago  to  4  feet  now; 
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ill  other  words,  that  part  of  the  Delta  is  smking  at  a  rate  of  a  tenth  of  a  foot  a  year.  The  shape 
of  the  sea  bottom  just  offshore  suggests  local  bulgmg  of  the  Delta  front,  for  it  is  characterized 
by  irregular  swells  and  hollows  which  change  from  tune  to  time  in  form  and  position  and  by  an 
absence  of  well-defined  channels.  In  1905  and  1907  shoaling  was 
reported  fully  25  miles  southeast  of  Port  Eads,  depths  of  only  65  to 
100  fathoms  being  found  where  before  the  depth  was  300  to  600  fath- 
oms. The  character  of  the  coast  itself  in  places  where  sedimentation 
is  not  now  rapid  strongl}'^  suggests  subsidence,  especially  the  coast  near 
Barataria  Bay  and  on  Breton  and  Chandeleur  sounds.  In  these  areas 
the  boundary  between  land  and  sea  is  mtricately  irregular,  small  islands 
rise  just  above  the  sea,  and  shallow  lakes  and  bays  are  abundant. 
The  shore  features  seem  to  be  just  those  which  would  result  from 
gentle  subsidence  of  a  low-lying,  slightly  uneven  surface.  The  smldng 
is  due  in  part,  no  doubt,  or  perhaps  entirely,  to  the  compactmg  of  the 
sediment.  Whatever  its  exact  nature,  the  facts  that  the  subsidence 
is  greatest  where  the  Delta  is  growmg  most  rapidly  and  that  because 
of  the  very  watery  condition  of  the  material  it  is  presumably  becomhig 
more  compact  make  it  seem  probable  that  the  process  is  only  hi  part, 
if  at  all,  one  of  isostatic  adjustment.  At  a  depth  of  5,000  feet  there 
may  be  no  downward  movement. 

However,  certaui  facts  suggest  that  in  comparatively  late  geologic 
time  this  region  has  been  affected  by  crustal  deformation.  Deposits 
which  outcrop  hi  a  district  farther  north  and  which  have  been  described 
as  the  Lafayette  formation,  the  loess,  and  the  Port  Hudson  clay  have 
been  thought  to  hidicate  general  elevation  and  subsidence,  and  in  the 
vicmity  of  New  Orleans,  at  least,  coarse  sand  evidently  deposited  in 
shallow  water  occurs  at  various  depths  down  to  3,000  feet,  but  in 
addition  differential  uplift  appears  to  have  occurred  in  the  vicmity 
of  Natchez.  Otherwise  the  graA^el,  which  contams  pebbles  brought 
apparently  from  Canada  and  lies  as  much  as  200  feet  above  the  present 
stream,  calls  for  an  extremely  low  gradient  upstream  and  an  almost 
impossibly  high  gradient  downstream.  The  narrowness  of  the  flood 
plain  at  Natchez  and  the  outlhie  of  the  area  less  than  100  feet  above 
sea  level,  this  area  being  considerably  broader  above  than  opposite 
Natchez,  suggest  the  same  conclusion. 

In  this  connection  it  is  interestmg  to  note  that  in  the  recent 
determhiations  of  mtensity  of  gravity  made  by  the  Coast  and  Geodetic 
Survey  the  earth  near  New  Orleans  was  found  not  to  have  an  excess 
of  mass,  as  might  be  expected  from  the  vast  amount  of  sedhnent 
wliich  has  accumulated  there,  but  a  deficiency  equivalent  to  a  lack  of 
about  430  feet  of  strata.  In  other  words,  if  the  surface  at  New  Orleans 
were  buried  under  430  feet  of  solid  rock,  the  district  would  then  be  in 
approximate  balance  with  the  rest  of  the  world. 

Below  Baton  Rouge  the  river  flows  southeastward  and  the  great 
body  of  the  delta  has  developed  in  that  direction.  It  is  only  about 
a  third  as  far  from  Baton  Rouge  to  the  sea  in  a  southwesterly  direc- 
tion as  it  is  in  a  straight  line  to  the  mouths  of  the  river.  The  reason 
for  this  trend  may  be  that  a  westward  littoral  current  tends  to  throw 
the  sediment  in  that  tUrection  from  the  mouths  of  the  river  and  in 
this  way  to  crowd  the  outlet  eastward,  but  the  known  facts  do  not  appear  sufficient  to 
warrant  a  definite  conclusion. 

The  protruding  character  of  the  coast  at  the  mouth  of  the  river  is  a  somewhat  striking 
testimony  against  the  iilea  that  subsidence  always  produces  deep  bays.     The  form  of  a  coast 
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depends  on  many  factors — sedimentation,   erosion,   deformation,   and  tlie  nature  an<l  extent 
of  the  work  done  in  previous  cycles. 

Hilgard  has  pointed  out  that  the  Mississippi  DeUa  differs  markedly  from  otlier  deltas, 
and  also  from  an  ideal  delta.     He  says : " 

The  bird-foot  shape  of  the  lower  Mississippi  Delta,  with  deep  embaj-ments  in  between,  is  unexampled  in  any  other 
large  river  delta  in  the  world.  The  bays  between  the  delta  fingers  ("passes  "  )  are  being  verj'  slowly  shallowed,  chiefly 
by  wave  and  tidal  action  from  the  Gulf  carrying  in  the  bar  sands,  and  only  subordinately  by  river  overflow.  The 
river  in  this  lower  delta  region  is  for  50  miles  below  Fort  Jackson  bordered  by  narrow  banks  of  unjielding  gray  clay, 
between  which  is  carried  the  entire  volume  of  the  river  through  the  narrow-banked  "neck"  until  it  reaches  a  common 
point  of  divergence,  the  Head  of  the  Passes,  whence  similarly  narrow-banked  channels  diverge,  unbranched,  in  bird- 
foot  form. 

The  usual  shape  of  a  normal  delta  is  a  convex  protrusion  beyond  the  main  shore  line,  with  usually  slight  protrusions 
at  the  mouths  of  the  distributaries,  as  can  be  seen  by  an  inspection  of  the  maps  of  the  deltas  of  any  of  the  larger  rivers, 
such  as  the  Nile,  Ganges,  Brahmaputra,  Danube,  Volga,  Lena,  and  others.  Within  the  delta  areas  of  these  streams 
large  and  small  distributaries  form  a  complex  network,  frequently  changing  at  times  of  high  water.  No  such  changes 
are  shown  by  the  narrow-banked,  diverging  arms  of  the  lower  Mississippi  Delta,  which  steadily  advance  into  the  Gulf 
singly,  and  without  any  permanent  distributaries  being  formed.  The  only  approach  to  the  form  and  structure  of  an 
ordinary  delta  occurs  about  3  miles  above  the  Head  of  the  Passes,  on  the  east  side,  where  small  and  shallow  channels 
connect  with  the  main  river  through  Cubit  Gap,  a  shallow  lateral  outlet. 

The  typical  delta  developments  at  Cubit  Gap,  at  the  Jump,  and  in  Garden  Island  Bay, 
not  yet  represented  on  charts,  have  resulted  from  untisual  conditions — accidents,  so  to  speak — 
in  the  course  of  delta  development.  The  fuU  history  of  the  land  development  at  the  Jump  is 
not  kno\vn,  btit  in  the  other  two  places,  and  probably  at  all  three,  the  river  has  broken  through 
narrow  banks  wliich  separated  it  from  the  sea,  and  very  rapid  sedimentation  has  followed. 
The  astounding  fact  in  tins  connection  is  that  the  river  does  not  more  frequently  cut  through 
its  narrow  banks,  although  it  often  overflowed  these  banks  before  the  levees  were  built,  during  a 
time  when  the  present  features  were  developing.  At  Bird  Island  Sound  the  river  might  reach 
sea  level  in  a  quarter  of  a  mile,  but  instead  it  takes  a  course  of  about  25  miles.  Just  below  New 
Orleans  the  river  might  reach  sea  level  by  flo\ving  eastward  less  than  10  miles  tlu-ough  terri- 
tory subject  to  overflow,  but  instead  it  flows  fully  100  miles  southwestward.  Hilgard  believes 
that  these  remarkable  features  are  due  to  "a  compact,  impervious  gray  clay,  corresponding 
exactly  to  the  material  constituting  the  mud  lumps,"  clay  which  "so  long  as  it  remains  sub- 
merged or  ftilly  wetted  *  *  *  resists  erosion  to  a  remarkable  degree."  To  the  present 
writer,  however,  this  inference  does  not  seem  well  founded.  The  expostires  and  borings  along 
the  river  banks  show  a  large  proportion  of  fine  sand,  which  is  easily  washed.  Several  borings 
were  made  at  and  near  the  Head  of  the  Passes  to  test  this  point  and  sand  was  found  in  all  of  them. 
(See  the  mechanical  analysis  of  sample  No.  26202.)  Clay  is  present  in  places  and  may  possibly 
be  the  remains  of  old  mud  lumps,  but  a  large  part  of  the  material  appears  to  be  incoherent 
sand.  To-day  the  coarsest  sediment  is  being  deposited  on  or  near  the  river  banks,  where  it 
accumulates  to  such  an  extent  as  to  form  natural  levees  that  border  the  river  almost  if  not 
quite  to  the  sea,  and  just  offshore  in  the  immeiUate  vicinity  of  the  ends  of  the  passes.  The 
finer  particles  are  carried  by  the  river  water  in  times  of  overflow  into  the  marshes  at  some 
distance  from  the  river  and  by  the  sea  water  at  all  times  into  the  bays  between  the  passes  and 
to  a  large  surrounding  area  of  deep  water  lying  at  a  distance  greater  than  2  or  3  miles  from  the 
river  mouths.  As  indicated  in  figure  4,  the  sandiest  material  found  in  the  borings  lay  near 
the  river  banks  and  the  most  clayey  material  in  the  marshes  several  miles  from  the  river. 

All  the  movements  of  the  sea  water  at  the  mouths  tend  to  sort  out  the  finest  sediment 
there  discharged  and  carry  it  to  distances  depending  in  part  on  the  size  of  the  particles.  In  a 
few  places,  particularly  in  the  most  exposed  positions,  as  at  the  outermost  ends  of  the  passes  and 
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also  where  the  sediment  is  accumulating  slowly,  as  in  Bird  Island  Sound,  this  process  goes  so 
far  as  to  develop  sand  beaches.  The  very  fine  material  consists  not  only  of  the  finest  sohd 
particles,  brought  down  in  that  form  by  the  river,  but  also  of  matter  transported  in  a  colloidal 
foi-m  and  floccidated  by  the  salt  of  the  sea,  and  it  is  conunonly  apparent  in  the  water  10  miles 
or  more  from  land.  At  times  and  in  places  the  fine  between  the  muddy  and  the  clear  water  is 
very  sharp,  as  shown  in  Plate  1,  B. 

Thus  it  seems  to  the  writer,  both  from  field  evidence  and  from  indirect  theoretical  con- 
siderations, that  the  river  banks  consist  not  of  clay  which,  though  j-ielding  to  pressure,  is  so 
resistant  to  corrasion  that  it  determines  the  location  of  the  river  channels,  but  of  sand  which 
is  resistant  to  pressure  and  yielding  to  water  currents,  with  perhaps  some  mud-lump  clay  here 
and  there.  It  seems  probable  that  the  form  of  the  river  here,  as  elsewhere  throughout  its  course 
below  Cairo,  must  be  produced  in  detail  by  a  balance  among  the  hydrauhc  forces  involved  in 
the  river  flow;  that  the  stream  is  so  large  and  powerful  that  no  clay  could  long  prevent  it  from 
cutting  just  such  a  channel  as  a  balance  among  its  forces  demands.  Yet  tliis  must  be  regarded 
only  as  a  suggestion,  for  although  much  is  known  concerning  the  hydrauhcs  of  river  flow  many 
phenomena  are  not  yet  fully  understood.  For  example,  above  Baton  Rouge  the  river  is  broad 
and  very  shallow,  carries  much  coarse  sand,  and  has  a  tendency  to  meander  which  seems  beyond 
human  power  to  control,  whereas  below  that  city  it  is  Uttle  more  than  half  as  broad,  is  100  to 
200  feet  deep,  has  Uttle  tendency  to  meander,  and  seems  adjusted  to  its  load  of  very  fine  sand 
and  silt  and  quite  competent  to  carry  it.  To  the  writer  it  seems  probable  that  the  pecuUar 
form  of  the  river  near  its  mouths  is  related  in  cause  to  these  phenomena. 

The  offshore  movement  of  the  river  water  is  indicated  by  the  following  analyses  of  samples, 
most  of  which  were  collected  on  the  Fish  Hawk  expechtion.  The  samples  that  show  the  largest 
amount  of  chlorine  are,  of  course,  those  that  contain  the  least  river  water.  The  regularly 
greater  chlorine  content  of  the  bottom  samples  accords  with  the  conditions  elsewhere  and  is 
due  to  the  fact  that  river  water,  having  less  density  than  sea  water,  flows  out  at  the  surface 
of  the  sea.  The  table  includes  also  analyses  of  a  few  samoles  of  sludge  from  springs  on  mud 
lumps. 

The  examinations  of  chlorine  in  this  table  were  made  by  E.  C.  Bain,  under  the  direction 
of  R.  B.  Dole.  The  tests  were  made  by  means  of  a  sahnity  outfit  supplied  by  the  Copenhagen 
laboratory  of  the  Conseil  Permanent  International  de  la  Mer,  wliich  was  obtained  through 
the  courtesy  of  the  United  States  Bureau  of  Fisheries.  The  procedure  is  an  adaptation  of 
the  usual  method  of  esthnating  chlorine  by  titrating  with  silver  nitrate  in  presence  of  potassium 
chi-omate.  An  essential  feature  is  a  sealed  tube  of  standard  sea  water  whose  content  of 
chlorine  has  been  very  carefully  determined.  Tliis  water  is  used  for  comparison,  and  the 
pieces  of  the  apparatus  are  so  constructed  and  cahbrated  as  to  insure  maximum  accuracy. 
Standard  sea  water  No.  P^  2/2,  1912,  with  a  chlorine  content  of  19.386  grams  per  kilogram, 
was  used,  but  as  only  a  little  of  it  was  available,  a  large  sample  of  nearly  normal  sea  water 
was  very  carefully  titrated  and  used  for  frequent  comparison  during  the  tests.  Float  burette 
No.  8,  measuring  about  1  ..5  milUmeters  between  gradations,  and  pipette  No.  3,  ha-sdng  a  capacity 
of  15.04  cubic  centimeters,  were  used. 
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2'ahle  showing  chlorine  content,  specijic  gravity,  temperature,  and  other  data  concerning  water  samples  collected  near  mouths 

of  Mississippi  River. 

[The  measurements  of  specific  gravity  are  only  approximate  and  subject  to  a  correction  of  ±  0.002,  the  average  error  being  probably  not  over  0.0005; 
distances  are  given  in  statute  miles  and  bearings  are  true;  samples  were  collected  on  June  22,  23,  24,  and  25, 1913.] 


7903.1 
7903.2 
7903.4 


84  miles  from  Galveston  and  29  miles  S.  51  °  E.  of  Sabine  Bank  light 

(11  miles  S.  74°  E.  of  Trinity  Shoal  buoy,  about  midway  between 
\    Galveston  and  Southwest  Pass. 

35  miles  S.  71°  E.  of  Trinity  Shoal  buoy 

120  miles  S.  42°  E.  of  Timbalier  Island  light,  nearly  50  miles  west  of 
[    Southwest  Pass. 

About  S  miles  west  of  ends  of  Southwest  Pass  jetties 

About  3}  miles  west  of  ends  of  Southwest  Pass  jetties.   (Clear  water. ) . 

About  3  miles  west  of  ends  of  Southwest  Pass  jetties.  (Yellowish 
mudd.v  water.) 

1 J  miles  S.  11°'\V.  oflight  on  east  jetty  of  Southwest  Pass 

3  miles  S.  45°  E.  of  lightship  just  outside  of  Southwest  Pass 

7J  miles  S.  33°  E.  of  lightship  just  outside  of  Southwest  Pass 

7|  miles  S.  17°  E.  of  station  7906 


IJ  mile  S.  17°  E.  of  east  jetty  light,  South  Pass 

About  600  feet  below  surface  of  sea  and  about  IS  miles  S.  16°  W.  of 
South  Pass  light. 

IJ  miles  S.  80°  E.  of  east  jettv  light,  South  Pass 

(14i  miles  S.  45°  E.  of  Southwest  Pass  light;  14*  miles  S.  16°  W.  of  South 
I    Pass  light. 

8}  miles  south  of  South  Pass  light 

Same,  plunger  sample 

6*  miles  S.  45°  E.  of  South  Pass  light 

Same,  plunger  sample 

9J  miles  S.  50°  E.  of  South  Pass  light 

12}  miles  S.  51°  E.  of  South  Pass  light 

10  miles  S.  82°  E.  of  South  Pass  light 

lOi  miles  N.  78°  E.  of  South  Pass  light 

6i  miles  S.  28i°  E.ot  Pass  a  Loutre  light 

5  miles  S.  36°  E .  of  Pass  a  Loutre  light '. 

7}  miles  S  47°  E.  of  Pass  a  Loutre  light 

lU  miles  S.  51  °  E.  of  Pass  a  Loutre  light. 

Same,  plunger  sample 


919. 


55  miles  S.  56°  E.  of  stat 

46  miles  X.  39°  E.  of  station  791 


Depth  of 
water 
(feet). 


(Surface... 
\Bottom... 
(Surface... 
\Bottom.. 
(Surface... 
\ Bottom. . 
(Surface... 
IBottom.. 

Surface... 

Surface... 

Surface... 

(Surface  " . 
\  Bottom,. 
(Surface... 
(Bottom. . 
(Surface  a. 
I  Bottom.. 
(Surface... 
(Bottom. . 
(Surface... 
(Bottom . . 


Surface. . 
(Surface.. 
\  Bottom. 
(Surface.. 
(Bottom . 

Bottom . 
(Surface.. 
(Bottom. 

Bottom . 
(Surface., 
(Bottom. 
(Surface.. 
(Bottom. 
(Surface.. 
(Bottom. 
(Surface.. 
(Bottom. 
(Surface., 
(Bottom, 
(Surface,. 
(Bottom, 
(Surface.. 
(Bottom. 
(Surface,. 
(Bottom. 

Bottom, 
(Surface,. 
IBottom . 
(Surface., 
(Bottom . 


Chlorine 
(grams  per 
kilogram). 


13.60 

18.73 
15.76 
17.22 
16.90 
17.64 
13.42 
19.91 
13.65 
15.62 
5.08 

8.63 


2.11 
17.79 
12.64 
19.28 
14.46 
19.05 

5.86 


19.99 


19.97 
14.16 
19.82 
10.60 
18.47 
6.71 
19.27 
2.66 
6,24 
1,65 
10,70 


Tempera- 

Specific 

ture  (°F.). 

gravity. 

80 

80 
79 
80 

1.019 

79} 

1.0205 

82 

1.015 

74 

1.02425 

80J 
77 
81 

1.0095 

.998 

72* 

1.021 

82i 

1.013 

1.0235 

82 

1.015 

79i 

1.022 

82i 

1.00525 

73i 

81 

1.015 

71 

1.0235 

79 

1.00825 

69 

1.021 

80 

1.010 

64} 

1.023S 

81 

1. 0135 

66} 

1.023 

81 

1.014 

67} 

1.024 

82 

1.0115 

76i 

1.0225 

83 

1.006 

68} 

1.023 

84* 

1.000 

72 

1.00625 

85 

.9985 

78 

1.0125 

86 

1.000 

68 

1.000 

83 

1.00925 

64 

1.02425 

82} 

1.013 

74 

1.021 

82} 

1.014 

73 

1.022 

a  Strong  odor  of  hydrogen  sulphide.     Gas  driven  off  by  boiling  before  determination  of  chlorine. 

Chlorine  content  of  additional  samples,  in  grams  per  kilogram  of  water. 

Surface  sea  water  in  West  Bay  i  mile  north  of  first  lump  north  of  Bald  Lump,  1  mile  west  of  Burrwood,  La.; 

Nov.  15,  1912,  depth  8  feet 7.  68 

Blark  mud  spring  on  minor  Cactus  lump,  Burrwood,  La.,  1  foot  below  surface  of  water;  Nov.  16,  1912 15.  99 

Mud  spring  in  marsh  1  mile  east  of  Spanish  Fort;  Nov.  17,  1912 18.  81 

Sludge  from  mud  spring  on  fourth  right  mud  lump  off  Pass  a  Loutre  (Mud  Spring  special  No.  3);  Nov.  20,  1912, , .  17. 18 

The  following  data  may  l)e  iist'd  for  comparison: 

Chlorine,  in  grains  per  kilogram,  contained  in  water  taken  from  different  places. 

Average  for  Mississippi  River  at  New  Orleans  for  1905-6.     (Analyses  by  J.  L.  Porter,  chemist,  New  Orleans 

Water  and  Sewerage  Board.  U.  S.  Geol.  Survey  Water-Supply  Paper  236,  p.  77,  1905) 0. 0097 

Sea  water  from   southwest  channel,  Tortugas,  Fla.     (Sample   collected   in   May,  1912,    and   tested    at   the 

Plymouth,  England,  laboratory) 19.  99 

Average  of  52  samples  collected  in  May  and  June,  1913,  from  southwest  channel.  Tortugas.  Fla.  (Deter- 
minations made  by  R.  B.  Dole,  U.  S.  Geological  Survey) 19. 95 

Average  content  of  normal  sea  water.     (Standard  sea  water,  P7  2/2,  1912,  issued  by  the  Coneeil  Permanent 

International  de  la  Mer) 1^-  38& 
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The  principal  processes  affecting  the  lower  end  of  the  Delta  may  be  summarized  briefly. 
The  most  important  is  the  building  out  of  the  coast  Ime  through  the  accumulation  of  sediment 
brought  down  by  the  river,  the  rate  of  progradation  varymg  from  season  to  season.  Tliroughout 
the  lower  part  of  the  river's  course  it  tends  to  build  natural  levees — that  is,  to  make  the  land 
near  the  river  liigher  than  that  at  a  distance — and  this  tendency  or  a  stiff  clay  or  some  other 
factor  has  caused  the  tlelta  to  assume  a  bird-foot  form.  Littoral  currents  and  practically  aU 
other  movements  of  the  sea  water  tend  to  spread  and  sort  the  sediment.  These  movements 
vary  oreatly  from  time  to  time  and  the  method  and  extent  of  the  distribution  of  sediment 
are  unknown,  though  probably  more  sediment  goes  westward  than  eastward.  The  beatmg  of 
the  waves,  though  much  less  severe  than  in  many  other  regions,  produces  some  modifications 
of  the  shore  hue.  General  subsidence,  perhaps  brought  about  by  simple  compactuig  and  perhaps 
by  bodily  flowage,  allows  the  sea  to  encroach  on  the  land  where  sedimentation  is  not  most 
active.  Plants  advance  seaward  by  groups  and  check  the  transportation  of  sediment  in  the 
areas  of  wliich  they  take  possession.  Lastly,  there  is  this  strange  growth  of  mud  lumps,  wliich 
plays  an  important  part  in  arranging  the  material  within  the  delta  and  perhaps  also,  as  Hilgard 
thinks,  in  locatmg  and  permanently  confining  the  river  channels. 

THE   MUD   LUMPS. 

The  mud  lumps  generally  lie  within  a  mile  of  the  end  of  a  pass,  no  pass  being  entii'ely  free 
from  them,  and  are  most  numerous  on  the  right  side  of  each  channel.  One  is  now  active 
1  mile  south  of  the  old  Spanish  magazine,  2  miles  north  of  the  mouth  of  Bahze  Bayou,  and 
perhaps  its  development  is  tlue  to  the  fact  that  this  bayou  has  recently  become  much  enlarged. 
A  few  others  have  been' reported  at  somewhat  gi-eater  tUstances  from  the  end  of  a  pass,  but 
most  of  them  cluster  rather  closely  about  the  outlets  of  the  river.  Just  now  they  are  most 
numerous  south  of  the  end  of  Pass  a  Loutre,  a  chain  of  20  or  30  lumps  having  developed  m  this 
district  in  the  last  few  years.  North,  Northeast,  and  Southeast  passes  each  contain  a  few. 
South  Pass  contams  four  or  five,  and  Southwest  Passi  about  a  dozen. 

The  lumps  are  commonly  20  or  30  rods  broad  and  stand  20  or  30  feet  above  the  adjacent 
bottom.  With  reference  to  sea  level  their  heights  are  somewhat  closely  concordant,  few  extend- 
ing more  than  8  or  less  than  2  feet  above  the  water.  They  are  rounded  or  elUptical  at  first  but 
their  exposed  portions  are  soon  carved  into  irregular  shapes  and  some  are  cut  in  two  by  wave  action. 
Then-  growth  occupies  from  a  few  hours  to  several  yeare  and  is  usually  in-egular.  Generally  a 
mud  lump  rises  in  a  few  weeks  or  months  to  a  height  of  4  or  5  feet  above  the  surface  of  the 
water.  Then  it  remams  quiescent  and  is  beaten  down  by  the  waves  in  the  course  of  a  few  years. 
Many  of  them  subside,  however,  and  some  have  disappearetl  in  a  night.  Those  that  rise  slowly 
are  considerably  worn  before  they  stop  gi-owing.  Those  that  rise  more  rapidly  and  in  protected 
places  are  capped  by  laminatetl  silt  having  a  maximum  tliickness  of  10  feet.  The  lumps  are 
appreciably  more  active  during  and  immediately  after  liigh  water.  TMs  is  well  showai  in  figure  5. 
Conceriung  the  date  given  in  tliis  figure  Mr.  J.  L.  Hortenstine,  of  the  United  States  Coips  of 
Engineers,  says  in  a  letter: 

There  Tvas  deposited  in  this  area  a  total  of  2,500,000  cubic  yards  of  material  during  the  recent  high  stage  of  the  river. 
This  material  was  deposited' during  the  months  of  March,  April,  and  May,  1913.  The  additional  material  caused  an 
increased  pressure  over  the  area  of  1,800,000  tons,  or  a  mean  pressure  of  400  jwunds  per  square  foot.  The  maximum 
pressure  is  found  at  a  distance  of  600  feet  upstream  from  the  chain  of  mud  lumps  shown  on  chart  No.  5  [fig.  5,  a]  and 
this  jiressure  is  approximately  825  pounds  per  square  foot. 

The  stories  related  by  sailors  and  pilots  concerning  the  mode  oi  gi-owth  of  the  mud  lumps 
are  fairly  consistent.  One  man  states  that  the  growth  of  a  mud  lump  was  accompanied  by  a 
rather  loud  roar  as  it  rose  above  the  water,  and  another  states  that  he  once  saw  flashes  of  light 
rising  from  a  mud  lump,  but  these  statements  are  very  ilitt'erent  from  the  great  mass  of  testi- 
mony concerning  the  lumps,  and  it  seems  probable  that  they  are  not  based  on  fact. 
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FiGUKE  5.— Two  charts  ot  the  entrance  to  Southwest  Pass,  a,  Chart  showing  activity  of  mud  himps  from  May  20  to  June  b,  1913,  at  the  close  of  a 
high-water  period;  6,  Chart  showing  mud-lump  quiescence  from  August  1  to  13,  1913,  during  a  low-water  period,  when  the  apparent  absence 
of  lumps  is  due  to  subsidence  (perhaps  througli  movement  elsewhere  and  perhaps  through  the  removal  of  the  surplus  load  of  water)  or  to 
cutting  away  by  degrees  and  to  filling  in  the  hollows  between  with  sediment.     From  data  furnished  by  United  States  Corps  of  Engineers. 
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The  structure  of  the  mud  lumps  appears  to  be  comparable  to  that  of  bysmaliths.  (See  fig.  6.) 
A  dark  bluish-gray  clay  of  medium  stiffness  and  great  stickiness  forms  the  central  core.  As 
shown  m  the  analysis  of  sample  No.  26203,  tliis  clay  contains  some  sand  and  silt,  though  not 
in  amounts  sufficiently  large  to  affect  its  consistency  perceptibly.  Upon  and  around  the  clay 
core  lies  a  series  of  faulted  and  folded  strata  of  sand  and  silt  wliich  have  been  carried  up  from 

the  sea  bottom  and  deformed  in  the  upheaval.  The  upper 
parts  of  the  mud  lumps  bear  numerous  fissures  and  some 
normal  faults,  fine  examples  of  block  faults  being  com- 
mon. A  pecidiarity  of  many  of  the  new  mud  lumps  is 
that  their  surface  resembles  a  plowed  field,  being  covered 
with  irregular  furrows  running  in  every  direction.  This 
effect,  wliich  has  excited  much  wonder,  appears  to  be 
the  result  of  slight  erosion  on  an  extensively  fissured 
surface. 

One  of  the  most  significant  facts  concerning  the  mud 
lumps  is  that  they  contain  much  more  clay  than  has  been 
found  in  other  parts  of  the  Delta  deposits.  Borings,  sev- 
eral of  them  45  feet  and  many  of  them  35  feet  deep,  were 
sunk  in  the  mud  lumps  in  the  fall  of  1912,  and  they  show 
that  most  of  this  material  is  structundess  clay.  Similar 
borings  in  other  places  in  the  region  have  found  stratified 
materials  containing  much  sand.  Sandy  layers  also  coin- 
monly  occur  above  and  below  the  massive  clay  of  the 
mud  lumps.  A  radial  series  of  borings  made  on  a  mud 
lump  about  2  miles  west  of  Burrwood  showed  that  tlie 
clay  decreases  and  the  sandy  material  increases  in  thick- 
ness away  from  the  center  of  the  lump.  This  strongly 
suggests  that  the  mud  lumps  have  been  produced  by 
the  lateral  flowage  of  soft  layers  of  clay,  for  no  such 
thick  strata  of  clay  have  been  found  elsewhere  in  the 
Delta. 

Tlie  color  of  the  clay,  though  generally  tlark  bluish 
or  greenish  gi'ay,  appears  to  change  imder  certain  con- 
ditions to  chocolate  or  reddish.  Such  tints  are  common 
along  cracks  and  are  developed  in  some  of  the  cones  built 
up  by  the  springs  on  the  lumps.  On  drying,  the  gray 
clay  becomes  somewhat  hghter  in  color  and  crumbles,  as 
shown  in  Plate  III,  A.  In  this  behavior  and  in  its  general 
appearance  it  resembles  the  "buckshot"  clay  o'f  northern 
Louisiana  and  adjacent  territory  and  the  very  sticky 
and  somewhat  mucky  clay  tliat  is  commoidy  deposited 
in  marshes.  The  clay  is  so  stiff  that  even  where  wet  one 
may  walk  upon  it  without  sinking  more  than  a  few  inches ; 
in  fact  the  surface  of  the  mud  lumps  is  the  firmest  to 
be  found  below  Head  of  the  Passes.  Hence,  although 
the  mud-lump  islands  are  easy  to  reach  and  cross  the 
lumps  surrounded  by  marsh  are  very  difficult  of  access. 
In  the  hope  that  organisms  or  organic  remains  might 
be  found  in  tlie  cla}"  which  would  show  whether  it  is  of  marine  or  fresh-water  origin,  seven 
samples  were  examined  by  Dr.  Albert  ^lann,  of  the  United  States  Bureau  of  Plant  Industry,  a 
special  search  being  madi>  for  diatoms.     Concerning  them  he  says: 


. 


1 ' 


§  S 
S  B 


«-2  g- 

g  ■§  i: 


U.  S.  GE0L0QIC4L  SURVEY 


PROFESSIONAL   PAPER   85      PLATE  I 


.4.    WAVE-CUT    CLIFF    ON     GIBRALTAR    MUD    LUMP,    RED    FISH     BAY. 

The  mound  on  which  the  man  stands  was  built  by  a  mud  spring  now  extinct,  and  its  crest  is  nearly  15 
feet  above  mean  tide,  a  height  considerably  greater  than  most  mud  lumps  attain.  On  the  left  is 
shown  a  luxuriant  growth  of  grass  such  as  commonly  flourishes  on  mud  lumps. 


R.     MUD    LUMP    3"i    MILES    SOUTHEAST    OF    PASS    A    LOUTRE    LIGHTHOUSE. 

The  men  stand   beside  mud   springs  each  of  which  is  associated  with  a  fissure.      In  the  distance  are 

other  mud-lump  islands. 
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None  of  these  samples  are  in  any  true  sense  mud  containing  diatoms.  *  *  *  I  am  not  at  all  certain  that  all  the 
diatoms  here  listed  would  not  be  found  in  any  sample  of  mud  located  in  or  near  the  mouth  of  a  river.  *  »  *  The 
rare  specimens  of  diatoms  discovered  by  great  labor  are  not  sufficiently  frequent  to  indicate  a  marine  or  fresh-water 
origin  for  any  of  the  material. 

MUD    SPRINGS. 

Among  the  most  conspicuous  and  impressive  features  of  the  mud  lumps  are  the  mud  springs 
that  are  active  on  many  if  not  all  of  them.  (See  PI.  I,  C.)  The  discharge  from  these  springs 
consists  of  salt,  watery  mud  (sludge),  and  gas.  The  amount  of  sludge  discharged  is  very  small 
and  the  flovy  of  gas  is  only  5  to  10  cubic  feet  an  hour.  Wlien  placed  in  a  bottle  the  sludge 
settles  readily,  leaving  clear  water  at  the  top.  Owing  probably  to  evaporation  and  to  a  variable 
admixture  of  rain  water  the.saltness  of  this  wa^er  ranges  from  somewliat  more  to  somewhat 
less  than  that  of  sea  water.  The  mud  slowly  accumulates  around  the  vents  and  forms  cones 
ranging  in  height  from  a  few  inches  to  several  feet  (see  PL  III,  A),  resembling  miniature  volcanoes. 

Careful  examination  reveals  the  fact  that  many  and  perhaps  all  of  the  gas-niud  springs 
are  closely  associated  with  fissures.  (See  PI.  Ill,  B.)  Commonly  the  fissures  are  so  nearly 
obhterated  that  it  is  difficult  to  make  sure  of  this  fact,  but  on  the  freshest  lumps  both  the 
association  of  the  springs  with  fissures  and  their  absence  between  fissures  are  e%'idcnt.  It 
seems,  therefore,  that  when  a  lump  is  pushed  up  its  upper  part,  especially  the  sand  and  silt 
cap,  is  somewhat  extensively  fissured.  Water  rises  in  the  fissures  at  least  to  the  level  of  the 
sea,  and  gas  bubbles  rise  through  the  water,  causing  erosion  of  the  sides  of  the  fissure.  In 
places  along  fissures  where  conditions  are  favorable  the  rise  of  gas  bubbles  causes  sufficient 
erosion  to  keep  a  vent  open  long  after  the  remainder  of  the  fissure  closes  entirely.  The  delta 
materials  contain  a  large  amount  of  both  marsh  gas  and  water,  so  that  wherever  a  hole  a  few 
feet  deep  is  made  it  almost  immediately  fills  wath  water  and  bubbles  with  gas. 

The  following  considerations  seem  to  militate  against  the  idea  that  the  sludge  discharged 
by  the  springs  comes  from  a  buried  thick  layer  of  flocculated  clay.  (1)  The  sludge  settles 
readily,  leaving  clear  water  at  the  top.  (2)  The  flow  is  small,  irregular,  and  long  continued. 
(3)  The  sludge  in  each  spring  has  the  color  of  the  surrounding  material.  Two  miles  west  of 
Burrwood  there  are  two  springs  less  than  100  feet  apart,  in  one  of  which  the  sludge  is  yellowish 
and  in  the  other  nearly  black.  In  the  former  the  sludge  rises  through  laminated  yellowish  silt 
and  in  the  latter  through  dark-gray  clay.  (4)  The  bottoms  of  several  mud  limips  of  various 
ages  seem  to  have  been  reached  and  no  layer  or  reservoir  of  sludge  has  been  found. 

It  may  be  added  that  similar  springs  are  associated  with  fissures  elsewhere — for  example 
along  Steeles  Bayou,  just  north  of  Vicksburg.  Here  the  springs  rise  in  fissures  m  an  over- 
steepened  bank.  Where  the  quantity  of  water  is  considerable  a  clear  stream  flows  from  a  small 
depression  hke  an  ordinary  spring,  but  where  it  is  small  and  the  water  emits  bubbles  of  marsh 
gas  the  sides  of  the  vent  are  eroded,  the  water  becomes  very  muddy,  and  the  sUght  overflow, 
accompanied  by  evaporation  and  absorption  of  water,  leads  to  the  growth  of  cones. 

This  hj-pothesis  of  the  origin  of  the  mud  sprmgs  seems  to  be  further  supported  by  the  fact 
that  the  vents  are  commonly  constricted  at  the  top,  where  they  are  only  at  certam  times  covered 
^vith  the  bubbhng  fluid  mud  and  hence  subjected  to  less  wear  than  the  deeper  parts.  Most  of 
the  vents  are  only  a  few  inches  in  diameter  at  the  top  but  widen  to  1  or  2  feet  a  short  distance 
down.  The  sounduig  rod,  which  was  pushed  down  to  a  depth  of  40  or  45  feet  in  many  of  the 
vents,  penetrated  2  to  9  feet  of  thin  watery  mud,-then  thicker  and  thicker  mud  to  a  depth  of  10 
or  15  feet,  where  it  encountered  ordinary,  somewhat  stift'  mud-lump  clay,  and  finally,  at  a 
depth  of  30  to  35  feet,  stratified  sand  and  silt. 

GAS    EMANATING   FROM   THE   MUD    LUMPS. 

Gas  escapes  at  many  places  on  the  sm-face  of  the  Delta,  the  vents  appearing  to  be  most 
numerous  and  largest  on  and  near  the  mud  limips,  though  the  rate  of  flow  rarely,  if  ever,  exceeds 
a  few  cubic  feet  an  hour.  Gas  rises  in  bubbles  in  aU  the  mud  springs,  though  its  rate  of  issue 
varies.  It  also  escapes  from  many  cracks  in  the  mud,  rising  bubbles  being  noticeable  in  many 
places  in  the  shaUow  water  around  the  lumps. 
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Two  samples  of  gas  were  collected  from  the  mud  springs  and  on  analysis  were  found  to 
consist  principally  of  marsh  gas  (CH4),  mixed  with  some  oxygen,  nitrogen,  and  carbon  dioxide.^ 
Other  samples  have  been  collected  by  E.  "W.  Hdgard  and  A.  L.  Mctz,  and  the  analyses  given  by 
them  show  similar  results,  except  that  Hilgard  reports  no  oxygen. 

The  results  of  the  analyses  are  beUeved  to  show  correctly  the  general  composition  of  the 
gas,  at  least  at  the  particular  vents  where  the  samples  were  taken.  They  appeal'  to  indicate 
that  the  gas  is  not  of  deep-seated  origm  but  has  developed  within  a  few  feet  of  the  surface, 
for  it  lacks  certain  hydrocarbons  commonly  present  in  gas  found  deep  in  the  earth.  The 
principal  constituent,  methane  (CH4),  emanates  from  most  if  not  all  marshes  and  generally 
cai-ries  with  it  minor  and  variable  amounts  of  nitrogen,  oxygen,  and  carbon  dioxide,  all  of 
which  are  produced  in  the  decay  of  vegetable  matter.  Hence  it  sxppears  probable,  though  not 
certain,  that  the  gas  from  the  mud  lumps  is  produced  in  th(^  ordinary  reduction  process  which 
affects  plant  material  in  marshes. 

CONCLUSIONS. 

The  facts  that  the  mud  lumps  are  by  far  the  thickest  bodies  of  clay  found  in  the  Delta  and 
that  the  clay  is  overlain  and  underlain  by  materials  similar  to  those  found  elsewhere  through- 
out the  lower  end  of  the  Delta  suggest  that  they  are  produced  by  a  squeezing  of  the  soft  laj-ers 
and  an  accumidation  of  clay  from  such  laj^ers  in  places  where  the  pressure  is  less  strong,  and 
that  the  lumps  are  not  upheaved  by  anj^  such  force  as  volcanism  or  by  pressure  from  the 
accumulation  of  salt,  sulphur,  or  gas  below  the  surface. 

The  reasons  for  believing  that  the  mud  lumps  are  not  of  gaseous  origin  may  be  summarized 
as  follows:  (1)  Their  growth  does  not  increase  rapidly  and  terminate  with  something  like  an 
explosion  through  which  the  gas  pressure  is  relieved.  (2)  Numerous  borings  which  have  recently 
been  made  have  penetrated  apparently  to  the  bases  of  the  lumps  (to  layers  of  sandy  and  clayey 
silt  like  those  found  elsewhere  throughout  the  Delta),  without  opening  any  considerable  gas 
reservoirs.  (3)  The  lumps  are  somewhat  closely  associated  with  the  ends  of  the  passes  and 
there  would  seem  to  be  no  reason  for  this  association  if  they  were  due  to  gas  pressure.  (4)  The 
more  fluid  clayey  layers  are  greatly  thickened  instead  of  thinned  in  the  upheaval.  (5)  The 
gas  given  off  is  small  in  amount.  (6)  The  lumps  seem  to  reach  equilibrium  when  they  rise  to 
sea  level  or  a  few  feet  above.  If  they  were  due  to  gas  they  would  presumably  not  be  concordant 
in  height. 

Hilgard's  idea  concerning  the  origin  of  the  lumps — namely,  that  they  are  produced  by  the 
pressure  of  a  heavy  resistant  laj^er  upon  a  fluid  layer  below — appears  to  be  in  accord  with  some 
of  the  facts,  but  the  results  of  borings  recently  made  do  not  appeaj-  to  support  it,  because,  so 
far  at  least,  no  layer  of  fluid  material  has  been  found  l^elow  the  surface,  but  instead  alternating 
thin  layers  of  somewhat  stiff  sand  and  somewhat  fluid  clay.  The  process  of  flocculation  by  salt 
water  is  no  doubt  continually  in"])rogress,  but  the  small  percentage  of  clay  in  the  sediment,  the 
seasonal  changes,  and  the  work  of  littoral  currents  appear  to  prevent  the  accumulation  of  a  thick 
body  of  semifluid  clay.  Another  point  in  Hilgard's  theory  which  seems  open  to  question  is 
his  idea  that  the  lumps  rise  where  the  current  has  scoured  to  a  greater  depth  than  before  existed, 
thus  weakening  the  crust  of  silt.  (See  PI.  II.)  The  mud  lump  in  South  Pass  Channel  to 
which  he  refers  and  also  the  lumps  in  Southwest  Pass  are  beyond  the  ends  of  the  jetties,  where 
the  bottom  instead  of  being  scoured  deeper  has  been  silted  up. 

The  results  of  the  recent  work,  though  considerably  more  extensive  than  was  hoped  from 
an  investigation  covering  so  short  a  time,  are  meager.  The  inferences  as  to  the  significance  of 
the  data  so  far  gathered  may  be  incorrect,  and  new  work  may  lead  to  conclusions  very  different 
from  those  which  now  seem  most  reasonable.  For  example,  it  may  be  found  that  at  a  depth 
of  50  feet  or  more  the  material  is  quite  different  from  that  which  has  so  far  been  penetrated, 
that  it  is  more  fluid,  and  that  it  has  played  the  most  active  part  in  mud-lump  growth. 

The  new  hypothesis,  which  seems  better  favored  by  the  data  now  in  hand  than  any  other, 
is  that  the  mud  lumps  are  produced  by  a  gentle  seaward  flow  of  layers  of  semifluid  clay  under 

1  Shaw,  E.  W.,  Gas  from  mud  lumps  at  the  mouths  of  the  Mississippi:  U.  S.  Geol.  Survey  Bull.  541-A,  pp.  12-15,  1913. 
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the  land  and  the  shallow  water  near  the  ends  of  the  passes,  where  this  flow  is  opposed  l)y  the 
comparatively  resistant  parts  of  the  foreset  beds.  The  tendency  to  flow  is  assumed  to  be  due  to 
pressure  developed  by  constant  additions  of  sediment.  Between  the  passes,  where  the  mate- 
rial is  clayey  and  very  yielding,  this  flow  may  reasonably  take  place  Avithout  much  upward 
buckling  anywhere,  but  near  the  ends  of  the  passes,  where  wave  and  current  action  sort  the 
sediment  and  carry  awaj-  some  of  the  fine  particles,  leaving  the  more  resistant  material,  the 
material  is  more  sandy  and  resistant.  ^Uso  there  is  a  greater  lack  of  equilibrium  between  the 
heavj^  land  on  the  one  side  of  a  well-defined  line  and  the  water — only  about  half  as  heavy — on 
the  other  than  there  is  between  the  passes,  where  the  angle  between  the  top  and  front  of  the 
Delta  is  not  nearly  so  well  defined.  It  seems  reasonable  to  suppose  that  in  places  along  the 
border  between  the  comparativel}'  resistant  and  steeply  dipping  parts  of  the  foreset  beds  and  the 
clay-bearing  beds  toward  the  land  the  pressure  may  be  relieved  by  ujiward  buckling  accompanied 
by  great  thickening  of  the  clay.  Such  phenomena  are  not  rare.  The  flowage  of  semifluid  clay 
has  been  frequently  observed.  It  sometimes  causes  great  difficulty  in  railway  building  or  gives 
rise  to  surprising  changes  in  swamps.  The  unequal  and  intermittent  settling  of  jetties,  though 
they  are  well  founded  on  large  willow  mattresses,  also  suggests  squeezing  and  flowage.  This 
settling  has  caused  the  abandonment  of  concrete  for  jetty  building  and  a  return  to  the  use  of 
large  blocks  of  crushed  stone.  The  mud  lumps  appear  to  be  the  product  of  flow,  because  in 
no  other  places  have  such  thick  bodies  of  clay  been  found,  and  the  facts  that  they  occur  almost 
exclusively  nea^  the  ends  of  the  passes — most  commonly  west  of  them,  where  probabh"  the 
principal  part  of  the  sediment  is  being  deposited — and  that  thej-  are  most  active  during  and 
after  times  of  high  water  seem  to  be  in  accord  with  the  hj-pothesis  here  presented. 

The  full  details  of  the  process  will  probably  not  be  knowji  until  much  more  field  work  has 
been  done.  Perhaps  if  the  origin  of  the  mud  lumps  can  be  learned,  their  formation  in  places 
where  they  are  objectionable  may  be  prevented  by  sliifting  the  locality  of  deposit  or  by  modi- 
fying in  some  way  the  distribution  of  the  sediment.  The  fact  that  other  large  deltas  are  with- 
out mud  lumps  appears  to  offer  encouragement  that  a  solution  of  the  problem  may  be  found. 


INTERPRETATION  OF  ANOMALIES  OF  GRAVITY. 


By  Grove  Kari.  Gilbert. 


THE  ANOMALIES. 

A  by-product  of  the  adjustment  of  primary  triangulation  for  the  United  States  was  the 
determination  of  the  deflection  of  the  vertical  at  765  stations.'  In  discussing  these  deflections 
Ilajd'ord  introduced  the  hypothesis  of  isostatic  compensation,  with  the  result  that  the  deflec- 
tions were  "thereby  reduced  to  less  than  one-tenth  of  the  mean  values  which  they  would  have 
if  no  isostatic  compensation  existed."  -  The  particular  foiin  given  to  the  hypothesis  was  this: 
At  some  depth  below  the  horizon  of  sea  level,  called  the  depth  of  compensation,  the  stresses  due 
to  gravity  are  uniform.  Each  unit  vertical  column  above  the  horizon  of  compensation  con- 
tains the  same  mass,^  the  product  of  the  length  of  the  column  by  its  mean  density  being  the 
same  in  all  places,  or  the  variation  of  length  associated  with  topographic  relief  being  compen- 
sated by  reciprocal  variation  of  mean  density.  In  the  adjustment  of  the  deflections  of  the  ver- 
tical various  assumptions  were  made  as  to  the  depth  at  which  compensation  is  complete,  and 
the  depth  jaelding  the  best  adjustment  was  found  to  be  122  kilometers. 

Hayford  and  Bowie,  in  discussing  the  determinations  of  gra^aty  at  stations  in  the  United 
States,  used  the  same  hypothesis  of  isostatic  adjustment  and  adopted  from  Hayibrd's  earlier 
work  the  estimate  of  122  kilometers  as  the  depth  of  compensation.  For  each  of  124  stations 
at  which  the  intensity  of  gravity  had  been  measured  they  computed  the  attractive  influence 
not  merely  of  the  elements  of  the  neighboring  topography,  but  of  the  topograpliic  elements  of 
the  entire  earth,  and  the  whole  computation  was  made  subject  to  the  isostatic  hypothesis. 
The  attractive  influence  thus  deduced  was  added  (algebraically)  to  the  value  of  gravity  appro- 
priate to  the  latitude  and  altitude  of  the  station,  giving  a  theoretic  or  computed  value,  wliich 
was  then  compared  with  the  value  obtained  by  observation.  The  difference — observed  minus 
computed — is  called  the  local  anomaly  of  gravity.  The  mean  of  the  124  anomalies  is  0.020 
dyne.  Tliis  is  approximately  one-fourth  as  large  as  the  mean  of  anomalies  obtained  without 
the  introduction  of  the  isostatic  hypothesis. 

The  success  of  the  hypothesis  in  reducmg  anomalies  of  the  vertical  and  anomalies  of  gravity 
is  held — properly,  as  I  ihmk — to  show  that  isostatic  adjustment  in  the  earth's  crust  is  nearly 
perfect.     Taking  the  outstandmg  or  residual  anomalies  as  measures  of  the  approximation  to 

1  The  papers  to  which  the  present  article  refers  are  as  follows: 

Hayford,  J.  F.,  The  figure  of  the  earth  and  isostasy  from  measurements  in  the  United  States,  U.  S.  Coast  and  Geodetic  Survey,  Washington, 
1909;  Supplementary  investigation  in  1909  of  the  figure  of  the  earth  and  isostasy,  U.  S.  Coast  and  Geodetic  Survey,  M'ashington,  1910;  The  relations 
of  isostasy  to  geodesy,  geophysics,  and  geology,  Science,  new  ser.,  vol.  33,  pp.  199-209, 1911. 

Hayford,  J.  F.,  and  Bowie,  William,  The  eBect  of  topography  and  isostatic  compensation  upon  the  intensity  of  gravity,  V.  S.  Coast  and  Geo- 
detic Survey  Special  Pub.  No.  10,  Washington,  1913. 

Bowie,  William,  Eflect  of  topography  and  isostatic  compensation  upon  the  intensity  of  gravity,  U.  S.  Coast  and  Geodetic  Survey  Special  Pub. 
No.  12,  Washington,  1912;  Some  relations  between  gravity  anomalies  and  the  geologic  formation(s]  in  the  I'nited  States,  Am.  Jour.  Sci.,  4th  ser., 
vol.  33,  pp.  237-240,  1912. 

Spencer,  J.  W.,  Relationship  between  terrestrial  gravity  and  observed  earth  movements  of  eastern  America,  Am.  Jour.  Sci.,  4th  ser.,  vol. 
35,  pp.  5fil-573, 1913. 

2  Figure  of  the  earth  and  isostasy,  p.  175. 

3  Mass  is  the  term  employed  by  Havford,  and  his  usage  has  been  followed  in  the  present  paper.  In  strictness  weight  is  the  quantity  with 
which  isostasy  is  concerned,  and  the  substitution  of  mass  for  weight  in  the  analyses  involves  the  assumption  that  gravity  Ls  uniform  from  top  to 
bottom  of  the  zone  of  compensation.  It  is,  in  fact,  about  1  per  cent  greater  at  the  depth  of  122  kUometers  than  at  the  surface.  The  numerical 
errors  possibly  entailed  by  the  substitution  are  negligible. 
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perfect  adjustment,  the  authors  state  that  tlie  mean  anomaly  in  the  vertical  corresponds  to  the 
mass  of  a  rock  layer  250  feet  thick,  and  the  mean  anomaly  in  gravity  to  a  rock  layer  630  feet 

thick.i 

Each  measurement  of  the  intensity  of  gravity  is  of  course  affected  by  an  error.  The  corre- 
sponding computed  intensity  is  also  afiPected  by  an  error.  Tlieu-  difference,  the  anomaly,  is  the 
algebraic  sum  of  the  two  errors.  The  average  error  of  the  observed  values  of  gravity  is  demon- 
strably small,  so  that  the  anomalies  differ  little  from  the  errors  of  the  computed  values.  The 
error  of  a  computed  value  is  not  all  from  a  single  source.  Part  of  it  comes  from  the  data  used, 
such  as  the  altitude,  the  mean  density  of  the  surface  rock,  and  especially  the  configuration  of 
the  surrounding  topography;  another  part  comes  from  the  methods  of  computation,  which  were 
somewhat  shortened  for  the  sake  of  economy;  and  a  thu-d  part  comes  from  assumptions  con- 
nected with  the  specific  hypothesis  of  isostatic  compensation.  Tlie  authors  cited  discuss  these 
classes  of  error  with  care  and  reach  the  conclusion  that  all  are  small  in  comparison  with  those 
arising  from  the  assumptions.^  An  attempt  to  interpret  the  anomalies  may  therefore  properly 
include  the  consideration  of  then-  relations  to  various  assumptions. 

INTERPRETATION   BY  IMPERFECT  ISOSTATIC  ADJUSTMENT. 

The  explicit  general  assumption  as  to  compensation  Is  that  the  excess  of  mass  m  any  crustal 
column  due  to  its  projection  above  sea  level  is  exactly  compensated  by  defect  m  density  uni- 
formly distributed  from  the  surface  to  a  depth  of  122  kilometers;  and  that  defect  of  mass  in  any 
unit  column  beneath  the  ocean  is  similarly  compensated  by  excess  of  density  (with  due  allow- 
ance for  the  mass  of  the  overlyuig  water).  This  general  assumption  includes  the  more  specific 
assumptions  (1)  that  the  compensation  is  perfect,  (2)  that  the  compensatory  defect  or  excess 
is  imiforinly  distributed  through  the  column,  (3)  that  the  depth  of  compensation,  122  kilometers, 
is  not  subject  to  variation  from  place  to  place.  To  these  may  be  added  an  implicit  assumption 
of  which  there  will  be  occasion  to  speak  on  a  later  page.  The  inexactness  of  the  three  assump- 
tions is  explicitly  and  fuUy  recognized  by  the  authors  cited,^  but  their  discussion  gives  promi- 
nence only  to  the  uiexactness  of  the  first.  In  a  general  way  they  interpret  the  anomalies  as  due 
to  uncompensated  local  excesses  or  defects  of  mass  in  the  crustal  layer,  or,  in  other  words,  to 
imperfection  of  isostatic  adjustment.  Tlie  present  paper  wiU  consider  the  possibilities  of  inter- 
pretation connected  with  the  other  specific  assumptions. 

INTERPRETATION  BY  VERTICAL  HETEROGENEITY  OF  CRUST. 

In  place  of  the  assumption  that  the  vertical  distribution  of  compensatory  density  difference 
is  uniform,  let  us  assume  that  it  is  subject  to  the  same  variation  as  is  the  assumed  horizontal 
distribution  of  compensatory  density  difference.  In  each  case  the  compensatory  element  of 
density  is  but  a  small  fraction  of  the  entire  density. 

The  topographic  relief  most  iatunately  associated  with  the  gravity  stations  is  that  of 
the  United  States.  The  mean  altitude  of  the  United  States,  as  given  by  the  authors,  is  2,500 
feet,  or    762    meters;    and    the    compensatory    correction    to    densitj'  for    +762    meters    is 

199  onn  ""  —0-0167.     The  compensatory  correction  for  neighboring  oceanic  topography  is 

positive,  and  its  average  is  coordinate  m  amount.  The  value  0.0167  may  serve  as  a  rough 
estunate  of  the  average  departure  in  density  which  was  assumed  in  computing  corrections  for 
topography.  An  alternative  estimate  may  be  based  on  the  topographic  relief  of  the  entire 
globe.  Agaui,  usuig  the  level  of  the  ocean  surface  as  a  horizon  of  reference,  making  due  allow- 
ance for  tlie  partial  compensation  given  by  the  mass  of  the  water,  and  combining  positive  and 
negative  corrections  irrespective  of  sign,  we  have  0.0381  as  the  resulting  value  of  tlie  average 
departure  m  density.     Neither  mode  ot  estimation  is  entirely  satisfactory,  but  together  they 

'  This  figure  applies  to  122  instead  of  124  anomalies.    By  omitting  two  aberrant  anomalies  the  mean  is  reduced  from  0.020  to  0.018.    See  Special 
Pub.  No.  12,  p.  23. 

«  Special  Pub.  No.  10,  pp.  SS-94. 
3  Idem,  p.  11. 
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yield  an  order  of  magnitude;  and  an  intermediate  value,  0.025,  will  be  accepted  as  sufficiently- 
precise  for  the  present  purpose.  In  order  to  discuss  the  effect  of  a  vertical  variation  of  density 
coordinate  in  amount  with  the  postulated  horizontal  variation,  it  will  be  assumed  that  the 
average  deviation  of  the  density  of  any  large  portion  of  the  crustal  column  fi-om  its  normal 
is  0.025. 

In  the  diagram,  figure  7,  vertical  distance  represents  depth  below  the  earth's  surface,  A 
correspondmg  to  the  surface  and  B  to  the  level  of  compensation,  122  kilometers  below.  Hori- 
zontal distances,  measured  from  AB  as  origin,  represent  density.  The  liae  CD  arbitrarily 
represents  the  normal  curve  of  density  in  relation  to  depth.  Tlie  nature  of  the  curve  within 
the  zone  of  compensation  is  unknown,  and  its  form  has  no  unportance  in  the  present  comiection. 
The  shaded  area  CE  expresses  the  assumption  that  ui  a  particular  locality  the  upper  half  of 
the  zone  is  characterized  bjr  a  uniform  defect  of  density,  ajid  the  shaded  area  DF  expresses 
the  assumption  that  in  the  same  locality  the  lower  half  of  the  zone  is  characterized  by  an  excess 
of  density  of  the  same  amount.  The  widths  of  the  areas  correspond  by  scale  to  departures 
of  0.025.  The  introduction  of  these  departures  m  density  does  not  affect  the  total  mass  of 
the  unit  column,  but  it  does  affect  the  intensity  of  gravity  at  the  top  of  the  colunui.  The 
tract  of  deficiency  being  nearer  to  the  surface  than  the  tract  of  excess,  the  loss  of  attraction 
exceeds  the  gain  and  there  is  a  net  reduction  of  the  intensity  of  gravity. 

To  obtain  numerical  results  it  is  necessary  to  assume  horizontal  as  well  as  vertical  dimen- 
sions for  the  bodies  of  rock  affected  by  abnormality  of  density,  and  computations  are  facilitated 
by  giving  each  ideal  body  the  form  of  a  riglit  cyhnder,  the  one  restmg  on  tlie  otlier.  The 
radius  of  the  cylmders  is  assumed  as  61  kilometers  (one-half  of  the  depth  of  the  level  of  com- 
pensation); the  assumed  defect  in  density  for  the  upper 
cylinder  and  the  assumed  excess  for  the  lower  are  each  0.025; 
aiid  the  station  on  which  their  influence  is  computed  is 
assumed  to  be  at  the  center  of  the  upper  face  of  the  upper 
cylinder.  The  computed  iiafluence  '  of  the  defect  in  density 
on  gravity  at  the  station  is  —0.0375  dyne;  that  of  the  excess 
is  +0.0115  dyne:  and  their  algebraic  sum  is  —0.026  dyne. 
If  the  excess  of  density  is  in  the  upper  body  and  the  defect  ^-^-^  '^^^^^^tX^""""^- 
in  the  lower,  the  effect  on  surface  gravity  is  +0.026  dyne. 

These  quantities  are  to  be  compared  with  the  mean  anomaly  for  the  system  of  gravity  stations, 
which  is  0.020  dyne. 

Thus  it  appears  that  the  same  moderate  assumptions  as  to  variation  of  density  which 
Hayford  and  Bowie  apply  to  horizontal  relations  in  discussing  isostatic  compensation  yield, 
if  applied  to  vertical  relations,  departures  in  gravity  mtensity  of  the  same  order  of  magnitude 
as  the  outstanding  anomalies  found  after  making  allowance  for  isostatic  compensation. 
From  this  I  infer  that  the  anomalies  may  be  m  part  due  to  irregularities  m  the  vertical  dis- 
tribution of  densities,  or  that  such  irregularities  are  competent,  alike  in  the  nature  of  their 
influence  and  in  its  possible  amount,  to  cause  such  anomalies  of  gravity  as  have  been  discovered. 

INTERPRETATION   BY  VARIATION   OF  DEPTH   OF   COMPENSATION. 

Let  us  now  consider  the  effect  of  removing  the  restrictive  assumption  wliich  makes  the 
depth  of  compensation  uniform  at  all  points.  In  Hayford's  discussion  of  deflections  of  the  ver- 
tical separate  computations  are  made  for  ten  divisions  of  the  United  States,  and  the  results  of 
these  computations  lead  to  the  conclusion  "that  while  there  are  indications  that  the  depth  of 
compensation  is  greater  in  the  eastern  and  central  portions  of  the  United  States  than  in  the 
western  portion,  the  evidence  is  not  strong  enough  to  prove  that  there  is  a  real  difference  in 
depth  of  compensation  in  the  different  regions;"  ^  but  the  authors  of  the  papers  on  gravity  use 
only  the  assumption  of  uniformity.  In  view  of  the  recognized  heterogeneity  of  crustal  material 
it  appears  to  me  both  possible  and  probable  that  the  depth  at  which  material  is  sufficiently 
mobile  to  effect  isostatic  adjustment  is  subject  not  only  to  regional  but  to  highly  localized 

'  Computed  by  means  o(  a  formula  given  by  Hayford  and  Bowie  in  Special  Pub.  No.  10,  p.  17.       2  Figure  of  the  earth  and  isostasy,  p.  143. 
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variation.  To  obtain  an  idea  of  the  quantitative  relations  between  local  variation  of  the  depth 
of  compensation  and  resulting  variation  of  gravity,  I  have  postulated  a  circular  tract  having  a 
radius  of  61  kilometers  and  having  such  topographic  relief  that  the  compensatory  density,  for  a 
depth  of  122  kilometers,  is  —0  025.  Then  I  have  introduced  various  changes  in  the  postulated 
depth  of  compensation,  with  corresponding  changes  in  the  compensatory  densitj',  and  com- 
puted the  effect  on  local  gravity.  The  change  in  intensity  of  gravity  corresponding  to  40  per 
cent  increase  in  the  depth  of  compensation  is  —0.0161  dyne;  the  change  corresponding  to  40  per 
cent  decrease  is  +0.0125  dyne.  These  quantities  are  to  be  compared  with  the  mean  anomaly 
of  gravity,  0.020  dyne.  The  resulting  figures  would  be  somewhat  but  not  greatly  different  if 
the  computations  were  applied  to  an  area  several  times  larger. 

The  general  fact  appears  to  be  that  local  variations  of  the  depth  of  compensation  are  com- 
petent to  eause  anomalies  of  gravity,  but  that  very  large  variations  would  be  necessary  to  pro- 
duce such  anomalies  as  have  been  observed.  To  explain  in  this  way  the  greatest  of  the  anomalies 
it  would  be  necessary  to  assume  that  the  zone  of  compensation  is  many  times  as  deep  at  some 
places  as  at  others.  While  such  a  condition  may  not  be  impossible,  the  geodetic  results  indicate 
that  it  is  highly  improbable;  and  I  am  disposed  to  regard  variation  in  depth  of  compensation 
as  decidedly  less  available  in  interpreting  anomalies  than  variation  in  the  vertical  distribution 
of  densities. 

GEOLOGIC  RELATIONS  OF  ANOMALIES. 

To  cxliibit  the  geographic  distribution  of  anomalies  the  authors  cited  have  drawn  lines  of 
equal  anomaly  on  a  map  of  the  United  States;  '■  and  these  lines  are  reproduced  in  Plate  IV. 
The  contour  interval  is  0.01  dyne,  and  areas  of  plus  anomaly  are  distinguished  from  areas  of 
minus  anomaly  by  shading.  The  positive  and  negative  anomalies  are  not  indiscriminately 
mingled,  as  should  be  expected  if  the  anomalies  had  the  character  of  accidental  errors,  but  fall 
mto  groups.  Large  districts  of  plus  anomaly  ajjpear  and  other  large  districts  of  minus  anomaly. 
This  effect  is  undoubtedly  heightened  by  the  fact  that  the  distances  between  stations  are  large, 
but  is  not  created  thereby.  A  comparison  of  parts  of  the  map  controlled  by  numerous  stations 
with  parts  controlled  by  few  and  a  coniparison  of  this  map  based  on  124  stations  with  an  earlier 
map  based  on  87  stations  leave  no  question  in  my  mind  that  there  is  a  veritable  areal  grouping 
of  the  anomalies.  With  the  multiplication  of  gravity  stations  the  courses  of  the  lines  will  be 
modified,  and  contrasted  areas  will  become  more  clearly  defined,  but  the  type  of  the  future 
map  is  shown  by  the  one  we  now  have. 

The  anomaly  map  is  in  some  way  an  expression  of  subterranean  structure,  for  it  tells  of  the 
distribution  of  mass.  As  the  subterranean  structure  is  a  product  of  the  earth's  history,  the 
distribution  of  anomalies  has  a  historical  significance.  To  determine  the  nature  of  this  signifi- 
cance is  a  problem  in  interpretation. 

Bowie  ^  has  classified  the  anomalies  according  to  the  geologic  formations  occurring  at  the 
stations  to  wliich  they  pertain,  thus  in  effect  attempting  a  correlation  between  the  map  of  anoma- 
lies and  the  geologic  map,  but  the  correspondences  are  not  important.  By  a  series  of  computa- 
tions he  shows  that  such  local  excesses  or  defects  of  mass  as  may  be  ascribed  to  the  densities 
and  volumes  of  formations  visible  at  the  stations  are  not  at  all  adequate  to  explain  the 
anomalies. 

Hayward  and  Bowie  have  compared  the  anomalies  with  areas  of  large  recent  unloading  of 
the  crust  by  erbsion  and  with  areas  of  large  recent  loading  by  deposition,  but  have  not  found 
such  correspondence  as  to  support  the  hypothesis  of  cause  and  effect;^  and  a  similar  negative 
result  followed  an  attempt  to  correlate  anomalies  with  the  loaduags  and  unloadmgs  of  certain 
districts  by  the  ice  of  glacial  time.''  Spencer  ^  emphasizes  the  fact  that  there  are  large  plus 
anomalies  within  the  region  once  covered  by  the  Laurentian  ice  sheet  and  regards  it  as  proof 

1  Special  Pub.  No.  12,  illustration  No.  2. 

=  Am.  Jour.  Sci.,  4th  ser.,  vol.  33,  pp.  237-240, 1912.    See  also  U.  S.  Coast  and  Geodetic  Survey  Special  Puli.  No.  lu,  pp.  113-117, 1912. 

2  .Special  Pub.  No.  10,  p.  112. 
'  Idem,  p.  116. 

'  Am.  Jour.  Sci.,  4th  ser.,  vol.  35,  pp.  569-570, 1913. 
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MAP    OF    THE    UNITED    STATES    SHOWING    LINES    OF    EQUAL    ANOMALY    OF    GRAVITY. 
Areas  of  plus  anomaly  are  shaded.     Contour  interval,  0.01    dyne.     Gravity  stations  are  indicated  by  dots. 
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that  the  rising  of  that  region  after  the  removal  of  the  ice  load  was  not  caused  by  the  removal 
of  load. 

In  the  drawing  of  ijiferences  from  the  relations  of  anomalies  to  loading  and  unloading 
much  depends  on  the  mode  of  mterpreting  anomalies;  and,  conversely,  the  relations  of  anom- 
alies to  loadmg  and  unloading  may  be  used  as  tests  of  modes  of  mterpretation.  In  a  general 
way  the  contmental  shelves  have  long  been  areas  of  loading  and  adjacent  land  districts  have 
been  areas  of  unloading.  To  whatever  extent  isostatic  compensation  for  this  loading  and 
unloading  has  been  imperfect,  to  whatever  extent  the  readjustment  lags  behind  the  dis- 
turbance of  equilibrium,  there  should  be  an  excess  of  mass  under  the  submerged  shelf  and  a 
deficiency  under  the  land.  Under  the  hypothesis  of  interpretation  which  correlates  excess 
of  mass  with  plus  anomalies  and  defect  of  mass  with  minus  anomalies  we  should  expect  to 
find,  as  a  general  fact  of  the  anomaly  map,  an  anomaly  gradient  from  ocean  to  land  m 
coastal  regions.  Such  a  gradient  is,  in  fact,  found  between  Boston,  Mass.,  and  Trenton, 
N.  J.,  and  between  Florida  and  the  Rio  Grande,  the  two  stretches  comprising  one-third  of  our 
coast;  but  the  gradient  is  unequivocally  oceanward  between  Delaware  and  Florida;  and 
elsewhere  its  direction  is  parallel  to  the  coast.  The  Appalachian  belt  south  of  the  region  of 
glaciation  has  been  practically  free  from  loading  during  two  geologic  ages  and  has  been 
unloaded  to  the  extent  of  many  thousands  of  feet  of  rock.  Isostatic  adjustment  may  be  sup- 
posed to  have  added  mass  in  compensation  for  the  unloading,  or  for  part  of  it,  but  may  not 
plausibly  be  supposed  to  have  overcompensated  so  as  to  create  an  excess  of  mass.  Never- 
theless, there  are  large  plus  anomalies  in  that  belt,  and  their  existence  evidently  creates  a 
difficulty  in  interpreting  plus  anomalies  as  due  to  crustal  excess  of  mass.  The  district  of 
greatest  loading  in  recent  tune  is  the  Delta  of  the  Mississippi,  and  if  isostatic  adjustment  has 
not  fully  kept  pace  with  the  loading  there  should  be  in  this  district  a  local  excess  of  mass. 
The  fact  that  the  local  anomaly  is  minus  mstead  of  plus  calls  m  question  the  mode  of  inter- 
pretation which  infers  crustal  defects  of  mass  from  muius  anomalies. 

The  hypothesis  that  certain  Pleistocene  smkuigs  and  rismgs  of  the  land  were  caused  by 
the  associated  additions  and  removals  of  ice  load  is  in  general  accord  with  the  theory  of 
isostatic  adjustment.  If  it  is  true  that  the  crust  became  approximately  adjusted  to  the  last 
loadmg  and  that  the  subsequent  deformation,  of  which  we  have  record  in  the  inclined  shores 
of  glacial  lakes,  was  caused  by  a  readjustment  during  and  after  the  final  unloading,  then 
there  should  be  no  excess  of  mass  in  the  readjusted  or  readjusting  area.  Because  there  is 
a  tract  of  plus  anomaly  within  this  area  Spencer  discredits  the  hypothesis  of  deformation 
through  unloading,  but  the  fact  may  equally  be  used  to  discredit  the  hypothesis  underlying 
his  mode  of  interpreting  anomalies. 

In  all  these  cases  involving  loadmg  or  unloading  the  hypothesis  that  the  anomalies 
represent  imperfect  compensation  and  imperfect  adjustment  yields  results  which  are  unsat- 
isfactory because  they  are  opposed  to  plausible  expectation,  and  the  expectation  is  plausible 
because  it  is  founded  on  the  theory — we  need  no  longer  call  it  the  hypothesis — of  isostatic 
adjustment.  In  all  these  cases  the  distribution  of  anomalies  may  be  reconciled  with  rational 
expectation  by  assuming  local  irregularities  in  the  vertical  distribution  of  densities,  and  the 
irregularities  thus  assumed  need  be  only  of  the  order  of  magnitude  of  those  irregularities  in 
horizontal  distribution  of  densities  which  have  been  assumed  in  the  reduction  of  the  geodetic 
observations. 

In  my  opinion  these  considerations  connected  with  phenomena  of  loading  and  unloading 
serve  to  show  that  the  anomalies  may  not  properly  be  interpreted  as  due  exclusively  to  crustal 
excesses  and  defects  of  mass  existing  because  of  imperfection  of  isostatic  adjustment.  Some 
additional  mode  of  interpretation  must  be  admitted,  and  at  least  one  other  mode,  that  con- 
nected with  irregularities  in  the  vertical  density  gradient,  appears  to  be  both  qualitatively 
and  quantitatively  competent. 

If  the  two  modes  of  interpretation  are  accepted  as  coordinate,  it  becomes  possible  to  extend 
the  conclusion  of  Hayford  and  Bowie  as  to  the  perfection  of  isostatic  adjustment.  The  one 
mode  of   interpretation,  if  used    exclusively,  yields   an  average  imperfection   of  adjustment 
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measured  (positively  or  negatively)  by  the  weight  of  a  layer  of  rock  630  feet  thick;  the  other,  if 
used  exclusively,  implies  no  imperfection  of  adjustment.  Any  combination  of  the  two  yields 
the  conception  of  an  adjustment  more  nearly  perfect  than  would  be  implied  by  the  measure  of 
630  feet  of  rock. 

If  vertical  ii-regularity  of  density  were  to  be  accepted  as  the  exclusive  cause  of  gravity 
anomaly,  the  map  of  gravity  anomaly  would  become  (approximately)  a  map  of  vertical  density 
anomaly,  each  area  of  minus  gravity  anomaly  being  replaced  by  an  area  in  which  departures 
fi-om  the  normal  density  gradient  of  the  crust  are  negative  near  the  surface  and  positive  below 
and  each  area  of  plus  anomaly  by  one  in  which  density  departures  are  positive  near  the  surface 
and  negative  below.  Such  a  change  would  remove  the  problem  of  mterpretation  to  a  new 
position,  by  raismg  the  question  of  the  origm  of  the  anomalies  in  density.  Giving  attention 
to  this  new  question,  I  have  been  led  to  the  suggestion  that  a  competent  cause  for  the  pecu- 
liarities of  density  distribution  would  be  apt  to  find  expression  also  ui  the  greater  facts  of  the 
structure  of  the  continent.  Among  those  greater  facts,  so  fur  as  we  are  able  to  read  them  in 
the  visible  structure  and  physiography,  are  (1)  the  Appalachian-Ozark  belt  of  cori-ugation  and 
(2)  the  strong  contrast,  farther  west,  between  a  cordUleran  region  of  strong  orogenic  disturbance 
and  a  plains  region  of  relative  freedom  from  disturbance;  and  I  have  studied  the  relation  of 
these  features  to  the  features  of  the  anomaly  map.  The  correspondences  are  so  slight  that  they 
maybe  regarded  as  accidental,  and  the  general  relation  is  that  of  independence  and  discordance. 
The  result  is  of  limited  significance  because  the  visible  structure  elements  may  constitute  but 
a  small  fraction  of  the  structure  of  the  crust,  but  so  far  as  it  goes  it  faUs  to  support  the 
hypothesis  that  the  anomalies  of  gravity  are  due  exclusively  to  anomalies  in  the  vertical 
distribution  of  density  within  the  crust. 

THE  LOCUS   OF  ADJUSTMENT. 

Hayford  has  given  an  analysis  of  the  general  mechanics  of  isostatic  readjustment  when  the 
isostatic  equilibrium  has  been  disturbed  by  erosion  and  deposition.'  The  analysis  reveals 
stresses  tending  to  cause  an  midertow  withm  the  crust,  and  adjustment  is  ascribed  by  Hayford 
to  the  undertow.  My  own  conception  of  the  process  of  adjustment  accords  with  these  features 
of  his  analysis,  but  adds  the  idea  of  relative  mobility  as  an  important  condition  m  determining 
the  place  of  undei-flow  and  the  perfection  of  the  adjustment. 

Now  that  the  argument  from  tides  has  been  efficiently  supported  by  that  from  the  speed 
of  earthquake  waves,  we  may  accept  with  confidence  the  doctrine  of  the  high  rigidity  of  the 
earth's  nucleus.  The  theory  of  high  rigidity  accords  also  with  the  fact  of  high  density,  provided 
the  nucleal  materials  are  similar  to  the  crustal,  for  with  sufiicient  compression  the  viscosity  of 
even  the  most  mobile  fluids  become  high  rigidity.  Immobility  at  all  depths  below  that  of 
compensation  is  eitlier  explicitly  or  implicitly  assumed  by  Hayford  and  Bowie. 

On  the  other  hand,  there  is  much  geologic  evidence  of  mobiUty  somewhere  below  the 
surface.  Part  of  tliis  evidence  is  volcanic.  The  continuous  or  secular  relations  of  pressure, 
temperature,  and  density  in  the  subterranean  region  from  wMch  Uquid  rock  rises  at  intervals 
may  be  assumed  to  be  such  that  moderate  change  of  condition  either  induces  hquefaction  or 
else  so  lowers  the  density  of  rock  already  liquid  as  to  render  it  eruptible;  and  such  a  balanc- 
ing of  conditions  impUes  some  sort  of  mobiUty.  Other  evidence  is  diastrophic.  In  some 
regions,  such  as  the  Appalacliian,  overthrusts  and  folds  testify  to  great  reduction  in  the 
horizontal  extent  of  rocks  near  the  surface,  the  reduction  ha\'ing  been  accomphshed  in  a 
small  fraction  of  geologic  time.  If  the  subjacent  portion  of  the  nucleus  had  been  correspond- 
ingly foi'ced  into  narrower  space  there  would  have  resulted  an  enormous  mountain  range,  but 
the  actual  uprising  was  of  moderate  amount.  Plausible  explanations  of  the  phenomena  neces- 
sarily include  horizontal  movements  of  the  upper  rocks  without  corresponding  movements  of 
the  nucleus  and  thereby  imply  mobifity  in  an  intervening  layer.  In  certain  block-mountain 
districts  of  the  West  the  master  faults  are  antithetic  in  type  to  the  overthrust  and  demon- 

'  Science,  new  ser.,  vol.  33,  p.  202,  1911. 
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strate  pronounced  extension  of  the  upper  part  of  the  crust.  The  nucleal  tract  beneath  could 
not  share  in  this  extension  without  creating  an  enormous  depression,  which  does  not  exist; 
and  the  interpretation  of  the  phenomena  involves  horizontal  shear  in  material  more  mobile 
than  the  visible  upper  rocks. 

The  conception  thus  engendered,  of  a  relatively  mobile  layer  separating  a  less  mobile  layer 
above  from  a  neai-ly  immobile  nucleus,  appears  to  me  in  full  accord  with  the  evidence  which 
geodesy  affords  of  isostatic  adjustment.  The  geodetic  "depth  of  compensation"  agrees  with 
such  suggestions  as  to  the  position  of  the  horizon  of  maximum  mobihty  as  might  be  afforded 
by  the  volcanic  and  diastrophic  phenomena.  The  existence  of  a  horizon  of  mobility  accords 
with  the  inference  of  approximate  perfection  of  isostatic  adjustment. 

It  is  not  necessary  to  suppose  that  the  degree  of  mobihty  at  the  horizon  of  mobihty  is 
that  of  a  hquid  at  the  surface.  When  such  mobihty  is  attained  by  any  but  the  densest  rocks 
eruption  takes  place.  It  is  not  necessary  to  think  of  the  degree  of  mobihty  as  uniform,  either 
from  place  to  place  or  from  time  to  time.  Its  place  variation  would  naturally  be  coordinate 
with  that  of  rock  types,  and  its  time  variation  coordinate  with  epochs  of  elevation  and  subsid- 
ence.    Neither  should  the  depth  of  the  horizon  of  maximum  mobihty  be  thought  of  as  uniform. 

INTERPRETATION   BY  NUCLEAL  HETEROGENEITY. 

The  inner  earth  is  the  inalienable  playground  of  the  imagination.  Once  it  contained  the 
forges  of  blacksmith  gods;  or  it  was  the  birthplace  of  our  race,  or  the  home  or  prison  of  dis- 
embodied spirits.  Later  Symmes  hoUowed  from  it  a  vast  habitable  empire,  concave  hke  the 
world  of  Koresh.  Science  now  claims  exclusive  title  but  holds  it  cliiefly  for  speculative  purposes; 
and  the  freedom  of  speculation  practically  recognizes  but  two  hmitations:  The  inner  earth  is 
dense,  and  it  is  rigid.     As  to  all  other  properties  opinion  is  untrammeled. 

It  is  my  own  view  that  the  inner  part  of  the  nucleus  is  not  merel}'  hot,  but  very  hot.  If 
the  law  of  compression  by  pressure  and  the  law  of  expansion  by  heat,  as  we  know  them  at  the 
surface,  apply  equally  to  the  nucleus,  then  the  mean  temperature  of  the  earth  must  be  enor- 
mous in  order  to  afford  a  mean  density  so  low  as  5.6.  An  enormous  temperature  imphes 
an  enormous  store  of  heat.  This  is  the  source  of  the  energy  involved  in  the  hypogene  activ- 
ities of  the  earth,  and  it  is  fed  to  the  crustal  region  by  conduction.  If  the  earth  were  com- 
posed of  homogeneous  shells  diversity  of  crustal  activity  would  depend  on  outside  concUtions 
only  and  would  be  comiected  with  latitude.  In  fact,  however,  the  diversity  of  crustal  activity 
is  largely  independent  of  latitude.  It  is  in  part  related  to  visible  diversity  of  crustal  material, 
but  in  larger  part  it  appears  unrelated  to  tilings  visible.  Defonnation  sometimes  shows  or 
seems  to  show  dependence  on  erosion  and  deposition,  but  any  such  scheme  of  causation  yields 
a  running-down  process  and  fails  to  account  for  the  perpetual  initiative  of  geologic  activity 
through  the  ages.  The  deformations  wliich  have  not  only  developeil  but  perpetually  remodeled 
the  continents  have  a  source  below  the  surface.  Their  methotl  probablj'  involves  reactions 
between  temperature,  pressure,  and  the  physico-chemic  constitution  of  rocks,  but  these  reac- 
tions, hke  the  superficial  reactions,  yield  rumiing-down  processes  and  do  not  afford  a  funda- 
mental explanation  of  crustal  acti\'ity.  The  factor  to  which  I  appeal  is  primordial  hetero- 
geneity of  earth  material,  a  heterogeneity  wliich  gives  diversity  to  the  flow  of  heat  energy 
and  to  the  physical  and  cheniic  changes  of  crustal  regions.  It  tloes  not  seem  sufficient  that  the 
crust  be  heterogeneous ;  there  should  be  heterogeneity  also  below  the  horizon  of  mobihty. 

Under  this  speculative  view  of  the  earth's  constitution  the  anomahes  of  gravity  may  be  in 
part  occasioned  by  tracts  below  the  level  of  compensation  which  arc  characterized  by  exceptional 
density.  It  appears  to  me  quite  possible  that  underflow  in  a  mobile  layer  might  effect  a  prac- 
tically perfect  adjustment  for  dift'erences  in  density  above  the  layer,  so  as  to  bring  crustal 
densities  and  crustal  rehef  into  harmony,  and  yet  leave  uncompensated  the  differences  in  density 
of  the  nucleus. 

To  obtain  some  idea  as  to  the  quantitative  abUity  of  nucleal  heterogeneity  to  modify  gravity, 
let  us  assume  that  abnormahties  of  density  are  as  great  in  the  nucleus  as  in  the  crust.     Let  us 
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assume  that  Just  below  the  horizon  of  compensation  is  a  nucleal  tract  in  which  the  abnormality 
of  density  is  ±0.025,  and  that  the  form  and  dimensions  of  the  tract  are  those  of  a  right  cylinder 
with  height  and  radius  each  equal  to  122  kilometers.  The  computed  attraction  of  the  nucleal 
abnormahty  of  mass,  exerted  at  a  gravity  station  situated  directly  above  the  center  of  the 
cylindric  tract,  is  ±0.023  dyne;  and  this  is  of  the  same  order  of  magnitude  as  the  mean  anomaly 
of  gravity,  0.020  dyne.  The  influence  of  such  an  abnormality  of  mass  would  have  its  maxi- 
mum at  the  station  and  would  diminish  mth  increasing  distance  from  the  station,  the  general 
result  being  a  hill  or  a  hollow  on  the  contour  map  of  anomalies  of  gravity. 

The  mode  of  interpreting  gravity  anomahes  which  appeals  to  nucleal  heterogeneity  is 
applicable  not  only  to  those  anomahes  which  encounter  difficulty  in  dealing  with  districts  of 
loaduig  and  unloading,  but  also  to  those  grouped  anomahes  whose  areas  and  contours  exhibit 
independence  of  all  visible  geologic  structure.  It  seems,  in  fact,  to  be  competent  to  account 
for  all  anomalies  except  such  as  exhibit  very  steep  gradient.  On  the  other  hand,  if  the  devel- 
opment of  the  subject  shall  show  that  there  are  anomahes  which  can  be  explamed  in  iio  other 
way,  the  existence  of  such  anomahes  may  constitute  evidence  of  nucleal  heterogeneity. 

Hayford  and  Bowie,  by  ignoring  the  possibility  of  nucleal  density  anomalies,  unphcitlj' 
assume  isostatic  adjustment  m  the  nucleus,  such  an  adjustment  as  would  exist  in  a  nucleus 
composed  of  concentric  homogeneous  shells.  The  alternative  interpretation  of  gravity  anom- 
ahes just  outhned  is  founded  on  the  supposed  inexactness  of  that  assumption. 

REVIEW  AND  CONCLUSION. 

The  mean  density  of  the  earth  is  about  twice  the  average  density  of  earth  material  at  the 
surface.  In  a  general  way  density  mcreases  from  the  surface  downward.  If  the  density  gradient 
were  everywhere  the  same  the  earth  might  be  described  as  composed  of  concentric  layers,  each 
homogeneous  as  to  density.  The  actual  departures  from  such  an  equable  airangement  may  ])e 
called  anomahes  of  density.  Anomahes  of  density  systematically  related  to  topograpliic  rehef 
have  been  assumed  by  Hayford  and  Bowie  in  computing  theoretic  gravity  at  each  gravity 
station,  the  difference  between  the  theoretic  gravity  and  observed  gravity  bemg  the  local  anomaly 
of  gravity.  An  anomaly  of  gravity  (except  as  affected  by  errors  of  observation,  etc.)  is  caused 
by  anomalies  of  densitj'  other  than  those  systematically  mtroduced  into  the  computations. 
Ha3rford  and  Bowie's  system  of  density  anomalies  is  one  which  assumes  isostatic  equilibrium 
at  a  depth  of  122  kilometers.  The  distribution  of  the  additional  anomahes  of  density  necessary 
to  account  for  the  anomahes  of  gravity  is  unknowia.  So  many  different  distributions  seem 
possible  that  the  actual  distribution  may  not  be  determinable.  One  suggested  distribution 
(Hayford  and  Bowie)  includes  only  horizontal  variation  and  restricts  variation  to  the  crust al 
region.  It  involves  moderate  imperfection  of  isostatic  equilibrium  at  the  depth  of  122  kilo- 
meters, and  it  encounters  difficulties  when  apphed  to  the  anomahes  of  regions  which  have 
recently  gained  or  lost  mass  through  loadmg  or  unloading.  A  second  suggested  distribution,  or 
element  of  distribution,  mvolves  vertical  variation  within  the  crustal  region.  Taken  by  itself 
it  seems  equally  competent  with  the  first,  and  it  does  not  involve  the  same  imperfection  of 
isostatic  equihbrium.  A  third  suggestion,  coordinate  with  the  others  in  that  it  is  quantita- 
tively adequate,  is  that  the  additional  anomahes  of  density  are  not  confined  to  the  crustal 
region  but  occur  also  at  depths  greater  than  122  kilometers  and  below  the  region  of  isostatic 
adjustment.  A  fourth  suggestion,  that  the  distribution  of  the  additional  anomahes  of  density 
is  connected  with  variation  in  the  depth  of  the  horizon  of  adjustment,  may  supplement  either 
of  the  others  but  is  not  by  itself  sufficient  to  account  for  the  anomalies  of  gravity. 

Volcanic  phenomena  and  phenomena  of  crustal  shortening  and  crustal  extension  indicate  a 
horizon  of  relative  mobility  above  the  rigid  nucleus.  To  whatever  extent  a  subcrastal  layer  is 
mobile  the  means  are  furnished  for  approximately  perfect  isostatic  adjustment  at  that  level.  It 
is  inferred  that  the  actual  adjustment  is  more  nearly  perfect  than  would  be  indicated  by  the 
geodetic  data  if  those  data  were  interpreted  according  to  the  firet  of  the  above-mentioned 
suggestions.     The  geologic  evidence  in  favor  of  a  mobile  layer  combines  with  the  evidence  from 


INTERPRETATION    OF    ANOMALIES    OF    GRAVITY.  37 

approximate  isostasy  despite  surface  transfers  of  load  to  show  that  the  anomaUes  of  gravity  are 
not  due  chiefly  to  uncompensated  excesses  and  deficiencies  of  mass  in  the  cruist;  and  I  incline 
to  the  view  that  the  hypothesis  which  so  interprets  them  is  one  of  the  least  probable  of  the 
four  suggested. 

The  second  and  third  suggested  interpretations — that  by  vertical  arrangements  of  anomalies 
of  density  within  the  crust,  and  that  by  anomahes  of  density  below  the  horizon  of  isostatic  ad- 
justment— are  not  competitive,  and  each  may  prove  to  have  its  field  of  application.  The  sec- 
ond has  a  sound  basis,  for  vertical  variation  of  density  m  the  crust  is  demonstrated  as  far  down 
as  the  sources  of  volcanic  eruption.  The  thii-d  has  perhaps  no  more  than  a  presumption  in 
its  favor.  The  failure  of  anomalies  of  gravity  to  group  themselves  in  harmoiiy  with  large  fea- 
tures of  crustal  structure  makes  it  easy  to  think  that  their  grouping  may  be  related  to  nucleal 
structure.  When  the  multiphcation  of  gravity  stations  shall  have  relieved  some  of  the  broad 
areas  of  the  anomaly  map  from  their  present  vagueness,  the  groupings  may  be  found  more 
significant  than  they  seem  at  present.  Crustal  diversity  may  be  to  an  important  extent  a  prod- 
uct and  record  of  the  geologic  chapter  of  earth  history.  Nucleal  diversity,  if  it  exists,  belongs 
to  pregeologic  chapters. 

Starting  with  geodetic  and  topographic  data  and  assuming  certam  uniformities,  Hayford 
and  Bowie  have  demonstrated  isostasy  and  developed  a  gravity  anomaly  map.  The  map 
contains  a  body  of  observational  data  coordinate  with  the  geodetic  and  topographic.  By  a 
future  mathematical  discussion  which  treats  the  three  bodies  of  data  together  and  which 
recognizes  alternative  interpretations  of  the  anomalies  of  gravity  it  may  be  possible  to  prac- 
tically demonstrate  the  meaning  of  the  anomaly  map.  At  present  the  map  seems  to  express 
chiefly  an  effect  of  heterogeneity  in  the  nucleus  and  an  effect  of  u-regularity  in  the  vertical 
distribution  of  densities  within  the  crust. 


THE  JURASSIC  FLORA  OF  CAPE  LISBURNE,  ALASKA. 


By  F.  II.  Knoavlton. 


INTRODUCTION. 

A  peculiar  and  absorbing  interest  attaches  to  the  study  of  the  fossil  floras  of  the  arctic 
regions,  for  they  indicate  climatic  conditions  very  unlike  those  now  existing  m  those  regions. 
In  place  of  the  present  snow  and  ice  and  the  scant,  almost  perpetually  frozen  soil  which  sup- 
ports but  a  handful  of  depauperate  plants,  the  conditions  from  at  least  late  Paleozoic  to 
middle  Cenozoic  time  made  an  abundant  and  luxuriant  vegetation  possible,  at  least  during 
certam  periods.  Although  these  lands  are  now  so  inhospitable,  and  hence  but  rarely  visited, 
an  astonishing  amount  of  information  concernmg  their  fossil  floras  has  been  accumulated, 
and  to  this  Icnowledge  Alaska  has  contributed  its  full  cjuota,  though  doubtless  much  more 
will  ultimately  be  Iviiown. 

The  recent  publication  of  a  report  by  Prof.  A.  C.  Seward  on  the  Jurassic  plants  of  Amur- 
laud,  long  knowai  from  the  historic  researches  of  Oswald  Heer,  has  called  to  mind  the  existence 
of  a  considerable  collection  of  similar  plants  from  the  vicinity  of  Cape  Lisburne,  Alaska, 
that  has  been  in  my  possession  for  a  number  of  years.  As  it  is  now  possible,  with  Seward's 
paper  in  hand,  to  recognize  still  further  the  strikhig  resemblances  between  the  Jurassic  floras  of 
i\laska  and  Siberia,  it  seems  an  opportune  time  to  present  the  results  of  this  recent  study.  A 
preluninary  examination  of  this  material  was  made,  and  certain  tentative  identifications  were 
adopted  in  a  short  report  for  the  use  of  the  geologists  who  collected  it,  but  this  is  the  first 
time  it  has  been  adequately  described  and  figured. 

The  material  considered  in  this  paper  was  collected  m  1904  by  Arthur  J.  Collier,  of  the 
United  States  Geological  Survey,  while  engaged  m  a  study  of  the  geology  and  coal  resources 
of  the  Cape  Lisburne  region.'  The  coal  deposits  are  extensive  and  arie  the  only  mineral  re- 
sources of  the  region  knowai  to  be  of  commercial  imj)ortance.  CoUier  describes  the  locality  as 
follows: 

Cape  Lisburne  is  the  bold  headland  which  marks  the  northwestern  extremity  of  a  land  mass  projecting  into 
the  Arctic  Ocean  from  the  western  coast  of  Alaska  between  latitudes  68°  and  69°.  It  lies  160  miles  north  of  the 
Arctic  Circle,  about  300  miles  directly  north  of  Nome,  and  is  the  only  point  in  Alaska  north  of  Bering  Strait  where 
hills  above  1,000  feet  in  height  approach  the  sea. 

So  far  as  knowax,  the  rocks  of  the  Cape  Lisburne  region  are  all  sedimentary.  The  a^ 
represented,  with  the  approximate  thickness  of  each,  is  given  by  Collier  as  follows:  Devonian  ( ?), 
2,000-1-  feet;  Lower  Carboniferous  [Mississippian],  4,500+  feet;  Upper  Jurassic,  15,000+  feet; 
Lower  Cretaceous  (?) ,  10,000+  feet;  Pleistocene,  50  feet. 

THE    CORWIN    FORMATION. 

The  Jurassic  section  to  which  the  name  Corwm  formation  has  been  given  is  described  bv 
Collier  ^  as  follows : 

The  older  of  the  Mesozoic  formation.^,  which  takes  its  name  from  Corwin  Bluff  and  the  coal  mines  there  located, 
is  best  exposed  on  tlie  coast  at  a  point  26  miles  east  of  Cape  Lisburne  and  thence  extends  northeastward  to  Cape  Beau- 
fort, a  distance  of  40  miles,  wliich  is  the  limit  of  this  in\'estigation.     It  is  known  to  occur  again  near  Wainwright  Inlet 

1  U.  S.  Geol.  Survey  Bull.  278.  pp.  1-54,  Pis.  I-IX,  1906.  2  Op.  cit.,  p.  27. 
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100  miles  beyond  Cape  Beaufort,  and  there  is  some  reason  for  the  belief  that  it  is  continuous  to  that  point.  The  southern 
boundary  of  the  formation  extends  in  a  southeasterly  direction  from  the  coast  for  aboHt  12  miles,  when  it  turns  to  the 
south.     Beyond  this  the  inland  extension  of  the  formation  has  not  been  determined.     *    *    * 

No  contact  between  the  Corwin  formation  and  the  Carl)oniferous  [later  determined  to  be  in  part  Triassic]  rocks 
described  occurs  within  the  limits  of  the  area  under  investigation,  though  an  unconformity  is  evident  from  certain 
beds  of  conglomerate  containing  pebbles  derived  from  the  Carboniferous.  Lithologically  the  formation  consists  of 
rather  thinly  bedded  sliales,  sandstones,  conglomerates,  and  coal  beds.  Fossil  plants  occur  in  the  shales  wherever 
thev  have  been  closely  examined.  *  *  *  The  formation  throughout  presents  very  little  variation  in  lithologic 
character  beyond  the  fact  that  in  some  portions  of  the  section  tlie  sliales  are  more  carbonaceous,  while  in  others  they 
are  more  calcareous.     Throughout  the  section  there  is  nearly  the  same  proportion  of  sandy  beds. 

As  already  indicated,  the  Corwin  formation  reaches  the  enormous  thickness  of  over  15,000 
feet  and  contams  forty  to  fifty  coal  beds  which  range  in  thickiiess  from  1  or  2  to  over  30  feet, 
ten  being  over  4  feet  thick  and  suitable  for  mining,  the  whole  aggregating  at  least  150  feet. 

PLANT    COLLECTIONS. 

The  plant  material  obtamed  from  the  Corwui  formation  is  comprised  ui  nineteen  collections, 
from  as  many  localities,  distributed  along  the  coast  from  Corwm  Bluff  to  Cape  Beaufort,  a 
distance  of  about  140  miles  and  apparently  representmg  beds  at  different  horizons  throughout 
the  formation.  So  far  as  the  data  at  hand  mdicate,  there  is  little  or  no  variatioii  m  the  flora 
through  the  whole  thickness  of  the  formation.  When  the  prelhninary  exammation  of  this  mate- 
rial was  niade,  and  without  knowing  the  relative  stratigraphic  position  of  any  of  the  collections, 
a  tentative  attempt  was  made  to  fix  the  position  m  the  section  of  a  few  of  the  lots.  This  attempt , 
however,  was  a  failure,  for  certain  collections  which  it  seemed  probable  belonged  near  the  base 
were  in  reality  well  distributed  through  the  section  and,  for  the  present  at  least,  the  flora  must 
be  considered  as  a  unit.  As  Collier  has  well  said,  "It  is  reasonable  to  expect  some  changes  in 
the  flora  from  the  base  to  the  top  of  a  formation  of  such  great  thicl^ness,  but  m  this  case  the 
variation,  if  it  exists,  will  probably  be  detected  only  by  the  paleobotanist  after  a  critical  per- 
sonal examination  of  the  section." 

As  CoUier's  collection  was  not  the  fu'st  to  be  made  ui  the  Cape  Lisburne  region,  a  brief 
review  of  previous  collections  and  the  age  determinations  given  to  them  may  be  of  mterest. 

Apparently  the  first  to  obtam  material  from  the  Corwm  formation  was  A.  Collie,  who 
accompanied  Capt.  F.  W.  Beechey  on  his  celebrated  voyage  to  the  Arctic.  He  first  noted  the 
presence  of  coal  beds  at  Cape  Beaufort  and  speaks  of  "carbonized  impressions  of  reeds,  both 
fluted  and  plam,  generally  flat,"  which  were  taken  by  William  Buckland,^  who  reported  on  the 
material,  as  iadicatmg  Carboniferous.  As  abeady  noted,  CoUier  found  only  Jurassic  at  Cajie 
Beaufort. 

Nearly  50  years  passed  before  anything  further  was  known  from  Cape  Lisburne.  From 
1884  to  about  1887  Henry  D.  Woolfe,  whUe  m  the  employ  of  the  Pacific  Steam  Wlialing  Co., 
made  annual  visits  to  the  region  and  sent  to'  the  United  States  National  Museum  a  considerable 
collection  of  fossil  plants.  This  material  was  studied  by  Lesquereux,^  who  enumerated  the 
ollowing  forms: 


i 


Aspidium  oerstedi  Heer. 
Asplenium  dicksonianum  Heer. 
Asplenium  foersteri  Del),  and  Ett. 
Baiera  palmata  Heer. 
Chondrites  filiciformis  n.  sp. 


Irites  alaskana  n.  sp. 
Pecopteris  denticulata  Heer. 
Pinus?  staratschini  Heer. 
Podozamites  latipennis  Heer. 
Zamites  alaskana  n.  sp. 


Lesquereux  concluded  that  the  age  of  the  beds  was  probably  Neocomian. 

In  1890  H.  D.  Dumars  made  a  small  collection  of  plants  from  the  Corwin  coal  mine,  which 
came  ultunately  to  the  United  States  National  Museum.  This  collection,  together  with  all  of 
the  Woolfe  material,  was  elaborated  by  W.  M.  Fontame  for  Lester  F.  Ward's  monograph 
"Status  of  the  Mesozoic  floras  of  the  United  States."  ^     Fontaine  revised  and  changed  many 


'  Zoology  of  Captain  Beechey's  voyage,  Geology,  p.  173,  London,  1839. 
s  U.  S.  Nat.  Mus.  Proc,  vol.  10,  p.  36, 1887;  vol.  11,  pp.  31-33, 1888. 
s  U.  S.  Geol.  Survey  Mon.  48,  pp.  153-175,  Pis.  XXXIX-XLV,  1905. 
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of  Lesquereux's  deterramations  and  as  a  final  result  of  his  studies  gave  the  followmg  list  of 
species : 


Chondrites  filiciiormis  Lesq. 

Dicksonia  saportana  Heer. 

Onycbiopsis  psilotoides  (Stokes  and  Webb)  Ward. 

Cladophlebis  vaccensis  Ward. 

Cladoplilebis  alafa  Font. 

Cladophlebis  huttonl  (Dunk.)  Font. 

Podozamites  distantinervis  Font. 


Podozamites  grandifoliua?  Font. 
Baiera  gracilis  (Bean)  Bunb. 
GLnkgodium?  alaskense  Font. 
Ginkgo  digitata  (Brongn.)  Heer. 
Ginkgo  huttoni  (Sternb.)  Heer. 
Ginkgo  huttoni  magnifolia  Font. 
Nageiopsis  longitolia  Font. 


Fontauic  discussed  this  flora  at  some  length,  his  filial  conclusion  being  stated  as  follows: 
"The  age  of  the  formation  yieldmg  the  Alaskan  fossils,  as  indicated  by  them,  is  not  older  than 
the  Lower  Oolite  and  not  younger  than  the  Lower  Cretaceous  but  is  probably  between  them." 
On  the  basis  of  this  statement  Ward  called  the  Cape  Lisburne  plants  "Jurasso-Cretaceous." 

In  the  prelimmary  study  of  Collier's  material  I  took  occasion  to  go  over  some  of  the  identi- 
fications made  by  Fontame  and  felt  obliged  to  dissent  from  several  of  them.  For  example, 
the  specimen  which  Fontaine  determined  as  Podozamites  distantinervis  Font.,  a  weU-knowai 
Potomac  species,  I  called  P.  lanceolatus  lafifolius,  a  Jurassic  form.  It  appeared  that  Fontaine's 
great  familiarity  with  the  Potomac  flora  had  led  him  to  give  undue  weight  to  certam  resem- 
blances between  them,  and,  as  it  then  seemed  to  me,  he  made  identifications  which  entirely 
vitiated  the  age  detemiination.  My  conclusion  was  stated  as  follows:  "I  can  see  no  valid 
reason  for  regardmg  this  flora  as  other  than  Jurassic,  or  m  any  event  as  other  than  identical 
with  the  flora  from  eastern  Siberia,  the  Jurassic  age  of  which  is,  so  far  as  I  know,  universaUy 
accepted."  I  expressed  a  smiUar  view  in  my  paper  "The  Jurassic  age  of  the  'Jurassic  flora  of 
Oregon'  "^  and  still  entertain  it. 

The  following  is  the  complete  list  of  species  as  given  by  me  in  the  preliminary  rejjort  made 
to  Collier,-  with  the  corresponding  identifications  of  the  present  paper  iii  brackets: 

<'ladophlebis  huttoni  (Dunk.)  Font.  [=C.  huttoni]. 

Dicksonia  n.  sp.?  [=Coniopteris  burejensis]. 

Dicksonia  burejensis  Zalessky  f=Coniopteris  burejensis]. 

Tseniopteris  parvula  Heer  [=Pityophyllum  nordenskioldi]. 

Equisetum  sp.  [=E.  collieri  n.  sp.]. 

Podozamites  lanceolatus  latifolius  (Schenk)  Heer  [=P.  1.  eichwaldi]. 

Podozamites  sp.  [=P.  lanceolatus]. 

Baiera  palmata  Heer  [=Zamites  megaphyllus]. 

Phcenicopsis  angustifolia  Heer  [=P.  angustifolia]. 

Phcenicopsis  speciosa  Heer  [=P.  speciosa]. 

Pagiophyllum  kurrii  (Pomel)  Schimp.  [=P.  kurrii]. 

Rtachyotaxus  septentrionalis?  (Ag.)  Nath.  [=P.  kurrii]. 

Taxites  subzamoides?  Moller  [=P.  kurrii]. 

Ginkgo  huttoni  Font.,  n.  var.  [=G.  digitata]. 

This  revised  list  of  species  in  the  Collier  collection  is  as  follows: 

Phcenicopsis  speciosa  Heer. 
Phcenicopsis  angustifolia  Heer. 
Elatides  c^lr^^folia  (Dunker)  Nathoret. 


Coniopteris  hymenophylloides  (Brongniart)  Seward. 
Coniopteris  liurcjensis  (Zalessky)  Seward. 
Cladophlebis  huttoni  (Dunker)  Fontaine. 
?Cladophlebis  alata  Fontaine. 
Equisetum  collieri  n.  sp. 

Podozamites  lanceolatus  eichwaldi  (Schimper)  Heer. 
Podozamites  lanceolatus  (Lindley  and  Hutton)  Braun 
Otozamites  giganteus  Thomas. 
Zamites  megaphyllus  (Phillips)  Seward. 


Pagiophyllum  kxirrii  (Pomel)  Schimper. 
Pagiophyllum  steenstrupi  Bartholin? 
Pityophyllum  nordenskioldi  iHeer)  Seward. 
Fieldenia  nordenskioldi  Kathorst. 
Ginkgo  digitata  (Brongniart)  Heer. 


AGE    OF    THE    PLANT-BEARING    BEDS. 


The  bearing  of  these  plants  on  the  age  of  the  beds  iii  wliich  they  are  found  may  now  be 
considered.  As  already  stated,  the  fii-st  material  from  the  Cape  Lisburne  region  was  studied 
by  Lesquereux,  who  regarded  it  as  probably  of  Xeocomian  age.     This  material,  together  with 

1  Am.  Jour.  Sci.,  4th  .wr.,  vol.  30,  p.  50, 1910.  2  u.  S.  Geol.  Survey  BuU.  27S,  p.  29,  1906. 


42  SHORTER    CONTRIBUTIONS    TO    GENERAL    GEOLOGY,    1913. 

a  small  later  collection,  was  studied  by  Fontaine,  who  was  somewhat  in  doubt  as  to  whether 
it  was  Jurassic  or  lowest  Cretaceous,  the  final  compromise  being  to  call  the  beds  Jurasso- 
Cretaceous.  I  have  long  regarded  the  material  as  of  Jurassic  age,  and  the  critical  study  of 
the  Colher  collection  appears  to  have  proved  this  assignment  beyond  reasonable  question. 

Of  the  17  species  from  the  Cape  Lisburne  region  noted  in  the  present  paper,  the  following 
also  occur  in  Amurland,  eastern  Siberia:  Coniopteris  hurejensis,  C.  Jiymenophylloides,  Podo- 
zamites  lanceolaMs,  P.  I.  eichwaldi,  Phmnicopsis  speciosa,  P.  angustij'olia,  Ginkgo  digitata,  and 
Pityophyllum  nordenskioldi.  These  Amurland  beds  were  regarded  by  Heer  as  belonging  to 
that  portion  of  the  Middle  Jurassic  (Brown  Jura)  knowTi  as  the  Bathonian,  and  so  far  as 
known  to  me,  this  assignment  has  not  been  disputed.  Seward  in  his  late  paper  says:  "The 
flora  as  a  whole  agrees  closely  ^^•ith  richer  collections  from  Middle  Jurassic  strata." 

In  1876  Heer  '  described  a  large  number  of  Jurassic  plants  from  the  Government  of 
Irkutsk,  eastern  Siberia,  and  in  1911  Seward  and  Thomas  ^  reported  on  a  small  collection  from 
the  Balagansk  district,  in  the  same  province.  After  making  allowance  for  the  changes  in 
nomenclature  there  appear  to  be  in  these  Irkutsk  collections  the  following  species  in  common 
Avith  those  from  Cape  Lisburne:  Coniopteris  hurejensis ?,  Ginl'go  digitata,  Phaenicopsis  speciosa, 
P.  angustifolia,  Podozamites  lanceohtus,  P.  I.  eichwaldi,  and  Elatides  curvifolia. 

A  large  collection  of  plants,  in  the  main  very  well  preserved,  from  beds  regarded  as  of 
Bathonian  or  lowest  Callovian  age,  near  Kamenka,  district  of  Izium,  Government  oi  Khar- 
kow,  was  described  by  Thomas  ^  in  1911.  The  following  species  from  Cape  Lisburne  are 
represented  m  this  flora:  Coniopteris  Jiymenophylloides,  Chdophlehis  huttoni,  Ginlcgo  digitata, 
Elatides  curvifolia,  Otozamites  giganteus,  and  Podozamites  lanceohtus. 

A  small  collection  embracing  14  species  from  the  western  border  of  Mongolia,  in  Chinese 
Dzungaria,  was  described  by  Seward  *  in  1911.  The  Mesozoic  strata  of  tliis  region,  according 
to  Obrutschew,  who  collected  the  plants,  reach  the  enormous  estimated  thickness  of  3,500 
meters,  thus  approacliing  the  tliickness  recorded  by  Collier  for  the  Caj^e  Lisburne  region.  The 
followmg  species  are  common  to  the  two  locahties:  Coniopteris  hymenophylloides,  Ginlcgo  digi- 
tata, Phopnicopsis  angustijolia,  and  Podozamites  lanceolatus.  On  the  basis  of  the  plants  the 
beds  are  correlated  by  Seward  with  the  Middle  Jurassic  rocks  of  England  and  other  parts  of 
the  world.  Seward  calls  attention  to  the  "remarkable  resemblance  between  Rhsetic  and 
Jurassic  floras  as  regards  general  facies,"  and  adds:  "It  appears  to  be  certain  that  some  types 
persisted  from  the  Rh^tic  period  to  the  middle  or  even  to  the  latest  stage  of  the  Jurassic  era." 
This  resemblance  will  be  alluded  to  later. 

Seward  ^  has  described  a  small  flora  from  Caucasia  and  Turkestan,  from  beds  of  Middle 
Jurassic  age  or  older,  which  includes  the  following  species  found  also  at  Cape  Lisburne:  Coniop- 
teris hymenophylloides ,  Podozamites  lanceolatus.  Ginkgo  digitata,  and  Phanicopsis  angustifolia. 

In  1S76  Heer  "  described  over  30  species  of  plants  from  the  vicinity  of  Cape  Boheman, 
Spitzbergen.  The  beds  in  which  they  were  found  were  regarded  by  Heer  as  belonging  to  the 
Brown  Jura  (Bathonian),  and  Nathorst,'  who  revised  the  flora  in  1897,  then  confirmed  this 
position,  but  later  *  he  procured  evidence  wMch  induced  him  to  regard  the  age  as  near  or 
above  the  Oxfordian — that  is,  in  the  Upper  or  White  Jura.  The  species  from  Cape  Boheman 
represented  in  the  rocks  of  Cape  Lisburne  are  Podozamites  lanceolatus,  P.  I.  eichwaldi.  Ginkgo 
digitata,  Phanicopsis  angustifolia ,  and  Pityophyllum  nordenskioldi. 

In  the  paper  last  cited  Nathorst  also  enumerates  anew  the  Upper  Jurassic  plants  from 
Advent  Bay,  Spitzbergen,  Fieldenia  nordenskioldi  and  Elatides  cunnfolia  being  in  common 
with  Cape  Lisburne.     The  flora  of  Franz  Josef  Land,  regarded  by  Nathorst  as  younger  than 

1  Heer,  Oswald,  Flora  (ossilis  arctica,  vol.  4,  pt.  2,  pp.  2S-86,  1876. 

2  Com.  g^ol.  M^m.,  new  ser..  pt.  73,  1911. 
'  Idem,  pt.  71, 1911. 

<  Idem,  pt.  75,  1911. 

6  Idem,  pt.  3S,  1907. 

6  Heer,  Oswald,  Flota  fosslUs  arctica,  vol.  4,  pt.  1,  pp.  26-47,  1877. 

'  Nathorst,  A.  C,  I.i>ngl.  Svenska  Vetenskaps-Akad.  Handl.,  vol.  .30,  p.  6,  1S97. 

8  Nathorst.  A.  G.,  Fossil  plants  from  Fran?,  Josef  Land:  Norwegian  North  Polar  Exped.,  vol.  1,  No.  3, 1900. 
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that  of  Cape  Boheman  and  Siberia,  appears  to  have  notliing  in  common  with  that  of  the  ALas- 
kan  locahty. 

The  large  and  interesting  flora  o^  the  island  of  Bornholm,  wliich  was  first  described  by 
Bartholm  and  later  and  more  fully  by  Moller,'  was  regarded  by  the  latter  as  of  Rhsetic  or 
Liassic  age.  It  is,  as  Seward  has  pointed  out,  "no  doubt  younger  than  the  Rhsetic  floras  of 
Scania,  Tonkui,  and  Franconia,  and  the  number  of  Lower  Oolite  species  which  it  includes 
would  seem  to  favor  the  view  that  its  affinities  are  rather  with  Jurassic  than  with  Rhtetic  floras 
of  other  regions."  THs  statement  is,  at  least  to  some  extent,  borne  out  by  the  following 
species  from  Cape  Lisbm-ne  which  are  found  also  in  Bornholm:  Podozamites  lanceolatus,  Ginkgo 
digitata,  Phwnicopsis  angustifolia ,  and  Pagiophyllum  l-urrii. 

Tm-ning  now  to  the  rich  and  well-exploited  Jurassic  floras  of  England,  we  find  Coniopteris 
hymenophylloides,  Ginkgo  digitata,  and  Zamites  megapTiyllus,  of  the  Great  Oolite  (Bathonian), 
m  common  with  the  Alaskan  flora  here  discussed.  Similar  beds  in  Sutherland  carr}-  Coniopteris 
hymenopliylloides,  Ginlcgo  digitata,  and  Elatides  cunyifolia. 

The  rich  Jm-assic  flora  from  Douglas  Comity,  Oreg.,  as  worked  up  hy  Fontame,^  mcludes 
the  following  species  which  appear  to  be  present  also  in  the  Cape  Lisburne  region,  though  not 
all  are  listed  here  under  the  same  names:  Conioptens  liymenopTiylloides,  Thyrsopteris  murrayana, 
Chdophlehis  vaccensis,  Podozamites  lanceolatus,  P.  I.  lafifolivs,  P.  pulcheUus,  Ginkgo  digitata, 
and  Phoenicopsis  sp. 

From  the  composition  and  wide  distribution  of  this  flora  as  outlined  above,  the  final 
conclusion  is  reached  that  the  Coi-wm  formation  of  the  Cape  Lisburne  region  is  undoubtedly 
Jurassic  in  age,  belonging  either  in  the  upper  part  of  the  iVIiddle  Jurassic  or  Brown  Jura,  or 
the  extreme  lower  portion  of  the  Upper  Jurassic  or  White  Jura — that  is  to  say,  it  is  probably 
•Dot  older  than  the  Bathonian  and  ccrtamly  not  younger  than  the  Oxfordian. 

DISTRIBUTION    OF    JURASSIC    FLORAS. 

GEOGRAPHIC  RANGE. 

At  this  point  it  may  be  of  general  interest  briefly  to  review  the  character  and  geographic 
range  of  Jurassic  floras,  especially  as  developed  in  Arctic  and  Antarctic  regions.  The  wide 
areal  distribution  of  Middle  and  Upper  Jurassic  floras  has  long  been  one  of  the  marvels  of 
plant  distribution.  The  living  flora,  of  course,  affords  many  indi^^dual  examples  of  wide  dis- 
tribution, such  as  those  found  tlu^oughout  the  Tropics  of  both  hemispheres, 'and  others,  chiefly 
weeds,  that  have,  largely  through  human  agencies,  spread  widely  over  temperate  lands,  but 
altogether  these  plants  form  but  an  msignificant  part  of  the  whole  flora,  whereas  in  Jurassic 
time  a  large  percentage  of  the  whole  flora  was  practically  world-wide  in  its  range. 

In  Alaska  well  north  of  the  Ai'ctic  Circle  is  found  the  interesting  flora  described  in  tliis 
paper.  Although  only  a  few  fossil  species  are  at  present  known  to  occur  at  Cape  Lisburne, 
it  is  more  than  probable  that  the  number  would  be  greatly  mcreased  by  careful  exammation, 
but  the  region  is  difficult  of  access  and  we  must  possibly  await  the  exploitation  of  its  coal 
resources  before  adequate  investigation  of  the  flora  will  be  made. 

The  Jurassic  flora  has  been  found  at  a  number  of  other  localities  m  Alaska,  the  farthest 
north  being  a  point  between  Icy  Cape  and  Wainwiight  Inlet,  about  ISO  miles  northeast  of 
Cape  Lisburne.  Another  locality  is  near  Nikolai,  m  the  Copper  River  region,  wliich  has 
afl'orded  a  single  species  of  .Sagenopteris  that  is  closely  related  to  a  form  from  the  Lower  Oolite 
of  Italy  and  has  also  been  found  in  Oregon  and  California.  Tliis  species  came  from  a  bed 
now  known  as  the  Kennicott  formation,^  where  it  was  found  in  association  with  marine  mverte- 
brates  of  Upper  Jurassic  age.  The  largest  representation  of  Jurassic  plants  in  Alaska,  aside 
from  that  of  Cape  Lisburne,  is  found  on  the  north  shore  of  Cook  Inlet,  where  seven  or  eight 
species  were  obtamed.     These  occur  in  the  "Enochkin  formation''  of  Stanton  and  Martin,''  in 

1  Moller,  Hjalmar,  Kongl.  Svenska  Vetenskaps-Akad.  Handl.,  vol.  36,  No.  6, 1903. 

2  U.  S.  Geol.  Survey  Mon.  48,  pp.  47-145,  Pis.  Vl-XXXVni,  1905. 

3  U.  S.  Geol.  Survey  Bull.  448,  pp.  31-43,  1911. 

*  Geol.  Soc.  America  Bull.,  vol.  16,  pp.  397  et  seq.,  1905. 
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intimate  association  with  marine  shells  regarded  by  these  authors  as  the  equivalent  of  the 
Callovian  of  European  standards,  or  the  upper  part  of  the  Lower  Oolite  of  English  geologists. 
The  last  Alaskan  locality  to  be  mentioned  is  Herendeen  Bay,  which  has. yielded  a  smgle  species 
of  Pterophyllum. 

The  only  other  important  North  American  localities  are  those  in  Oregon  and  Cahfornia, 
which  together  have  afforded  101  forms.  The  collections  from  these  localities  are  especially 
rich  in  forms  of  Cladophlebis,  Tseniopteris,  Sagenopteris,  Nilsonia,  Pterophyllum,  Ctenis, 
Ctenophyllum,  Podozamites,  and  Ginkgo.  No  less  than  47  per  cent  of  these  species  are  found 
also  in  Jurassic  beds  in  other  parts  of  the  world,  notably  in  Alaska,  eastern  Siberia,  and  York- 
sliire,  England. 

The  areas  geogi-aphically  nearest  to  the  Alaskan  localities  are  those  of  eastern  Siberia.  In 
1876  Heer  published  Ms  first  paper  on  the  flora  of  these  areas,  wliich  included  material  from 
Kajamundung,  Ust-Bali,  the  upper  Amur  River,  and  Bureja.  This  was  supplemented  in  later 
years  by  the  study  of  further  material  from  the  original  localities  as  well  as  from  Lena  Delta, 
etc.  The  total  number  of  species  finally  aggregated  about  100,  and  many  of  them  have  sin'ce 
been  identified  in  widely  scattered  parts  of  the  world,  the  greatest  number  being  common  to 
the  beds  in  Oregon  and  California  and  in  Yorkshire,  England. 

As  a  complete  enumeration  of  the  Jurassic  floras  of  the  world  is  impossible  for  lack  of  space 
in  the  present  connection,  the  following  list  of  localities  may  be  given  as  a  partial  indication 
of  their  wide  range: 


United  States: 

South  Dakota. 

Wyomiiig. 

California. 

Oregon. 
Alaska: 

Cape  Lisbume. 

Near  Wainwriglit  Inlet. 

Nikolai. 

Cook  Inlet. 

Herendeen  Bay. 
England:  Yorkshire. 
Scotland:  Sutherland. 
France:  Mammers. 
Germany : 

Franco-Swabian  area. 

Northeastern  area. 
Austria-Hungarj' : 

Steierdort,  Banat. 

Crojir,  Galicia. 

Krakaoi. 
Italy. 

Switzerland. 
Portugal. 
Sweden. 


Spitzl)ergen: 

Cape  Boheman. 

Advent  Bay. 

Green  Harbor 
King  Karls  Land. 
Franz  Josef  Land. 
Greenland: 

Cape  Stewart. 

East  Coast. 
Siberia: 

Amurland. 

Irkutsk. 

Lena  Delta. 
Chosen  (Korea). 
Japan . 
Caucasia. 
Turkestan. 
India: 

Cutch. 

Jal)alpur. 
China: 

Tyskyp-Tag. 

Border  Hami  Desert. 
Australia. 
New  Zealand. 
Graham  Land:  Hope  Bay. 


The  flora  of  Graham  Land,  which  has  recently  been  carefully  elaborated  by  Ilalle,^  is 
worthy  of  more  than  passing  notice.  This  flora  comprises  61  forms  dispersed  among  the  larger 
gi'oups  as  follows:  FUicales  25,  Cycadales  17,  Coniferales  16,  unknown  3.  It  is  of  interest  to 
note  that  the  Ginkgoales,  wliich  form  an  imjjortant  and  varied  element  in  the  northern  hemi- 
sphere, are  entirely  absent  from  the  Antarctic  locality,  as  indeed  they  are  from  the  Gondwanas 
of  India,  and  that  Podozamites,  which  is  abundant  and  variable  in  the  north,  is  absent  from 
the  Hope  Bay  collection  and  is  represented  only  by  doubtful  fragments  in  the  Indian  locahties. 
Of  the  22  species  from  Graham  Land  that  were  previously  known,  9  are  common  to  the  Lower 

'  Salle,  T.  G.,  Meaozoic  flora  of  Graham  Land:  Wissensch.  Ergebnisse  der  schwedisehcn  Siidpolar-Expedition.  1901-1903,  vol.  :i,  pt.  14,  pp. 
1-123,  Pis.  I-IX,  1913. 
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Oolite  of  Yorkshire.  England,  S  to  the  Upper  Gondwanas  of  India,  and  5  to  the  Jurassic-  of 
California  and  Oregon.  In  the  nearest  continent,  South  America,  there  are  no  floras  of  any 
importance  that  can  be  considered  contemporaneous  with  this  Antarctic  flora. 

With  the  foregoing  outline  of  the  distribution  of  Jurassic  floras  in  mind,  we  are  perhaps  in  a 
position  to  draw  certain  tentative  conclusions  as  to  their  probable  avenues  and  means  of  dis- 
persal and  climatic  requirements.  The  systematic  groups  with  which  we  mainly  have  to  deal 
are  the  Filicales,  Equisetales,  Oycadales,  Ginkgoales,  and  Coniferales. 

MEANS  OF  DISPERSAL. 

The  chief  factors  which  are  adduced  to  exphiin  the  distribution  of  hving  plants  are  anmials, 
especially  birds  and  mammals;  water,  especially  streams  and  ocean  currents;  air  currents:  and, 
of  couree,  human  agencies. 

In  considering  the  cUstribution  of  Jurassic  plants  we  may  at  once  eliminate  mammals, 
which  were  in  Jurassic  tune  on  the  threshold  of  their  development,  and  birds,  which  were 
represented  by  a  single  known  type  (Arch^opteryx)  that  at  best  must  have  enjoyed  t)ut 
limited  powers  of  flight.  There  remain,  therefore,  only  air  and  water  transportation  to  account 
for  the  distribution  of  Jurassic  plants.  None  of  the  plants  is  believed  to  have  possessed  any 
marked  mechanism  for  wade  and  systematic  dispersal. 

The  ferns  of  the  Jurassic  period  are  believed  to  have  been  homosporous,  which  implies 
the  production  of  vast  numbers  of  spores  of  relatively  short-Uved  vitahty.  A  considerable 
number  of  Uving  ferns  having  spores  of  this  character  are  widely  distributed  on  both  hemi- 
spheres. The  male  fern  is  an  example:  a  single  plant,  according  to  Bower,  may  produce  in 
one  season  5,000,000  spores,  which  are  particularly  well  adapted  to  vdnd  dispersal.  That 
ferns  may  pass  over  at  least  2.5  miles  of  open  water  is  shown  by  Treub,  who  found  that  on  the 
island  of  Karakatau,  which  had  been  completely  wrecked  and  sterilized  by  a  volcanic  outbui-st, 
within  three  years  12  species  had  already  become  reestablished.  While  the  air  currents  may 
have  been  competent  to  accomplish  this,  the  possibility  of  other  agencies,  such  as  transportation 
by  birds,  ocean  currents,  or  man,  should  not  be  ignored. 

The  Equisetales  were  not  an  important  element  in  the  Jurassic  flora,  being  mostly  repre- 
sented by  fragmentary  material  referred  to  Equisetum  or  Equisctites.  Although  many  of  the 
living  species  enjoy  a  wide  distribution,  httle  evidence  is  available  as  to  their  means  of  dispereal. 

The  Cycadales  are  seed-bearing  plants,  the  seeds  being  of  small  or  medium  size.  In  the 
Uving  species  the  seeds  sink  in  fresh  water  and  presumably  would  do  the  same  in  salt  water. 
The  length  of  time  they  would  retain  their  vitality  in  salt  water  is  problematical,  though 
probably  it  would  be  very  short.  Their  transportation  for  any  great  distance  by  water  is  open 
to  question. 

The  Ginkgoales  are  very  distinctly  a  waning  type;  in  fact,  they  have  come  almost  to  the 
vanishing  point,  for  the  single  living  species  is  not  believed  to  exist  in  a  purely  wild  state. 
The  identification  of  the  early  forms  now  commonly  referred  to  the  Ginkgoales  is  founded 
mainly  on  the  foliage  organs,  and  their  seeds  are  not  certainly  known,  but  since  the  discovery 
of  true  Ginkgo  in  late  Triassic  or  early  Jurassic  beds,  and  in  practically  its  present  form,  the 
seeds  have  not  infrequently  been  found.  These  seeds,  like  those  of  the  living  species,  are  of 
large  size.     They  have  no  special  means  for  extended  dispersal. 

In  the  living  Coniferales  there  are  certain  minor  devices  for  limited  seed  dispereal,  such 
as  variously  winged  seeds,  but  nothing  that  is  especially  remarkable.  The  seeds  of  Jurassic 
Coniferales,  so  far  as  known,  possessed  no  special  devices  for  wider  dissemination  than  that 
usually  taldng  place  on  a  land  surface. 

AVENUES  OF  DISPERSAL. 

The  data  presented  in  the  foregoing  paragraphs  regarding  the  means  for  dispersal  would 
seem  to  indicate  a  practically  contmuous  land  connection  between  the  several  localities  during 
Jurassic  time.     With  the  possible  exception  of  the  ferns,  whose  spores  might  have  been  trans- 
38725°— No.  85—14 4 
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ported  by  air  currents  over  very  considerable  distances  of  open  water,  none  of  the  types 
appear  to  have  possessed  any  mechanism  or  device  by  which  they  could  have  spread  so  widely 
without  a  practically  continuous  land  route.  It  is  of  course  possible  that  masses  of  earth 
covered  with  living  vegetation — floating  islands,  so  called — may  have  been  torn  from  the  land 
by  streams  and  carried  intact  for  considerable  distances  into  the  sea,  as  similar  "islands"  are 
now  transported  by  the  Amazon  and  other  rivers,  but  the  distance  over  which  such  masses 
would  be  effective  in  colonization  is  relatively  short. 

The  striking  similarity  between  the  Jurassic  floras  of  northwestern  North  America  and 
eastern  Siberia  shows  that  the  land  connection  between  these  locaUties  during  Jurassic  time 
must  have  been  practically  continuous.  The  known  presence  of  Jurassic  beds  at  Herendeen 
Bay  on  the  Aleutian  Islands  is  at  least  a  partial  confirmation  of  the  presence  of  this  land 
bridge.  If  we  may  assume  that  the  land  adjacent  to  what  is  now  Bering  Sea  was  the  center — 
or  at  least  an  important  center — of  distribution  for  the  Jurassic  floras,  then,  with  communi- 
cation established  between  the  two  continents,  the  way  was  open  for  a  wide  range  over  the 
northern  hemisphere. 

The  presence  of  a  well-marked  Jurassic  flora  in  the  Antarctic  region  goes  far  toward 
justifying  the  presumption  of  a  former  land  connection  to  that  region,  for  the  present  distance 
is  so  great  as  to  preclude  the  reasonable  probability  that  the  flora  could  have  reached  there 

otherwise. 

PROBABLE  CLIMATIC  CONDITIONS. 

With  the  abundant  data  now  available  certain  tentative  conclusions  may  perhaps  be 
drawn  as  to  the  climatic  conditions  which  existed  during  the  life  of  the  Jurassic  flora.  There 
is  no  evidence  that  this  flora  was  depauperate  or  pinched  as  the  result  of  adverse  chmate. 
On  the  contrary,  the  presence  of  large  and  luxuriant  ferns,  many  of  them  tree  ferns,  and  cycads, 
and  of  very  abundant  and  large-sized  leaves  of  Ginkgo,  etc.,  especially  in  locahties  far  north 
of  the  Arctic  Circle,  affords  every  evidence  that  the  conditions  of  growth  were  favorable 
From  the  wide  distribution  of  genera  and  species  it  appears  that  the  conditions  were  also 
relatively  uniform.  In  other  words,  there  must  have  been  abundant  or  sufficient  moisture 
and  a  temperature  that  would  permit  the  growth  of  such  plants.  Knowledge  of  the  probable 
moisture  and  temperature  requirements  of  a  flora  now  represented  only  by  fossil  remains  must 
be  gained  by  a  study  of  the  nearest  related  living  flora.  On  this  basis  it  seems  safe  to  assume 
that  the  Jurassic  flora  indicates  a  moist,  warm,  possibly  subtropical  climate. 

THE   FLORA. 

CoNioPTERis  BUREJENsis  (Zalcssky)    Seward. 
Plate  V,  figure  1. 

Coniopteris  burejensis  (Zalessky)  Seward,  Jurassic  plants  from  Amurland:  Com.  g6ol.  Mem.,  new  ser.,  pt.  81,  p.  22, 

PI.  I,  figs.  1-5;  PI.  Ill,  figs.  18-21,  1912. 
Dicksonia  burejensis  Zalessky,  Notes  pal^ophytologiques :  Com.  g^ol.  Bull.,  vol.  22,  p.  192,  PI.  Ill,  figs.  1-4;  PI.  IV, 

figs.  1-5,  1904;  Knowlton,  in  ColUer,  U.  S.  Geol.  Survey  Bull.  278,  p.  29,  1906. 
Dicksonia  n.  sp.,  Knowlton,  in  Collier,  loc.  cit. 
Cladophlebis  mccensis  Ward,  Fontaine,  in  Ward,  U.  S.  Geol.  Survey  Mon.  48,  p.  157,  PI.  XXXIX,  figs.  7,  8,  1905. 

In  1904  Zalessky  described  a  fruiting  fern  from  Amurland  under  the  name  Diclcsonia 
iurejensis,  at  the  same  time  calling  attention  to  its  resemblance  to  Diclcsonia  coriacea  Schenk,' 
from  the  Jurassic  of  Chma,  D.  concinna  Heer,  from  Amurland,  etc.  In  his  recent  work,  cited 
above,  Seward  redescribed  and  refigured  the  Zalessky  specimens,  together  wdth  additional 
material  recently  procured,  under  cne  name  Coniopteris  burejensis,  largely  on  the  gi'ound  that 
the  fossil  is  undoubtedly  congeneric  with  Coniopteris  hymenophylloides.  If  it  is  to  be  held 
that  Coniopteris  is  congeneric  with  Dicksonia,  then  the  former  is  untenable,  for  it  dates  from 
1849,  while  Dicksonia  was    founded  in  1788.     However,  as  there  is  some  doubt  as  to  their 

1  Schenk,  A.,  Jurassische  Pflanzen,  in  Bichthofen's  China,  vol.  4,  p.  254,  PI.  LI,  flg.  2;  PI.  LII,  figs.  6,  6, 1883. 
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generic  identity  it  may  be  well  enough  to  retain  the  form  under  Coniopteris.  It  has  usually 
been  assumed  that  these  plants  belong  to  the  family  Cyatheaceas,  but  of  this  more  will  be  said 
later. 

The  saUent  features  of  Coniopteris  burejensis  are  described  by  Seward  as  follows : 

Frond  bipinnate  or  probably  tripinnate;  pinna  linear-lanceolate,  attached  to  a  comparatively  slender  rachia 
along  the  margins  of  wliich  the  pinnae  axes  and  the  lamina  of  the  basal  pinnule  on  the  lower  side  of  the  pinna  are 
decurrent.  The  pinnules  may  be  oval  and  serrate,  like  those  of  C.  hymenophylloides.  or  longer  and  narrower,  the  linear 
lamina  being  serrate,  or  more  deeply  dissected  into  small  oval  segments;  the  latter  form  appears  to  be  identical  with 
that  of  some  of  the  specimens  described  by  Heer  as  Dicksonia  gracilis  and  D.  glehniana.  In  the  la:^er  examples  the 
rachis  is  broader;  the  more  widely  separated  pinnae  gixe  a  more  open  habit  to  the  leaf,  in  marked  contrast  to  the  more 
compact  form.     The  venation  is  of  the  Sphenopteris  type. 

In  spite  of  Seward's  elaborate  explanation  of  the  diversity  in  form  and  appearance  of  the 
sterile  fronds  referred  to  C.  burejensis,  it  is  difficult  to  beheve  that  all  are  correctly  referable 
to  a  single  species.  The  long,  narrow  pinnae  with  linear  serrate  laminae  (cf.  figs.  18  and  20 
of  Seward's  PI.  Ill)  may  very  well  be  the  sterile  portions  of  the  form  that  bore  the  fruiting 
specimen,  but  it  would  seem  that  the  longer,  oval,  slightly  serrate  pinnules  such  as  are  shown 
m  his  Plate  III,  figure  19,  are  too  different  to  have  come  from  the  same  species.  However, 
the  collection  may  have  contained  many  specimens  that  were  not  figured  and  some  of  these 
may  bridge  the  apparent  differences. 

The  fine  fruituig  spccunen  from  Cape  Lisburne  shown  m  Plate  V  of  the  present  paper 
is  referred  with  much  certainty  to  C.  burejensis.  It  is  a  frond  of  large  size,  being  probably 
between  .30  and  40  centhneters  in  length  and  at  least  20  centimeters  broad.  It  is  tripinnatified, 
or  quadripmnate.  The  main  rachis,  which  is  over  3  millimeters  in  diameter  and  sUghtly  zigzag, 
was  evidently  very  stifl'  and  rigid.  The  primary  pinnae  are  remote,  alternate,  at  u-regular 
distances,  and  spreading  at  the  tips,  giving  the  frond  a  very  open,  spreaduig  effect.  The  rachis 
is  relatively  strong  and  somewhat  angled.  The  secondary  puinae  are  also  alternate,  sessile, 
lanceolate  in  general  outline,  and  cut  uito  numerous  linear,  deeply  cut  pinnules.  The  sori 
are  terminal  on  slightly  reduced  lamui^. 

The  single  specimeit  referred  by  Fontame  '  to  Cladophlebis  vaccensis  Ward,  a  species  first 
described  from  the  Jurassic  of  Oregon,  is  at  best  vers^  obscure.  It  does  not  have  the  nervation 
ascribed  to  C.  vaccensis,  though  in  the  shape  of  the  pinnules  there  is  not  much  difference.  It  is 
undoubtedly  the  same  as  the  form  shown  m  Zalessky's  Plate  III,  figures  1,  la,  and  refigured 
by  Seward  in  his  Plate  III,  figure  19,  and  is  to  be  referred  to  Coniopteris  burejensis. 

Coniopteris  hymenophylloides  (Brongniart)  Seward. 
Plate  V.  figure  2. 

Coniopteris  hymenophylloides  (Brongniart)  Seward,  Jurassic  flora  of  the  Yorkshire  coast,  p.  98,  PI.  XVI,  figs.  4-6;  PI. 

XVII,  figs.  3.  6-8;  PI.  XX,  figs.  1,  2;  PI.  XXI,  figs.  1-3.  3a.  4.  4a,  1900;  Fontaine,  in  Ward,  U.  S.  Geol.  Survey  Men. 

48,  p.  .59,  PL  VIII,  figs.  1-3,  190.5. 
Sphenopteris  hymenophylloides  Brongniart,  Prodrome,  pp.  51,  198  [nomen],  1828;  Histoire  des  v^g^taux  fossiles,  p,  189, 

PI,  LVI,  figs.  4,  4b,  1829. 
Adiantites  amurensis  Heer,  Flora  fossilis  arctica,  vol,  4,  pt.  2,  p.  94,  PI.  XXI,  figs.  6a,  b;  enlarged,  figs.  6,  c,  d,  1876, 

This  is  one  of  the  most  abutidant  and  widel}*  distributed  of  Jurassic  plants,  having  been 
reported  from  the  Antarctic,  many  localities  tliroughout  the  Arctic,  Siberia,  China,  Japan, 
Germany,  France,  England,  and  Oregon,  and  now  from  Alaska.  As  might  be  expected  from 
the  number  of  students  who  have  handled  it,  it  has  been  reported  under  several  generic  names 
(Sphenopteris,  Thj-rsopteris,  Dicksonia,  Adiantites,  etc.),  but  it  all  seems  conspectfic  and  is 
best  included  under  the  somewhat  noncommittal  name  Coniopteris. 

This  species  is  represented  in  the  Cape  Lisburne  material  by  the  single  pmna  figured,  but 
fortunately  this  fragment  is  excellently  preserved  and  there  can  be  no  doubt  as  to  the  correctness 
of  its  identification.  It  is,  for  instance,  not  to  be  distinguished  from  a  specimen  from  the 
Jurassic  of  Yorkshire,  England,  figured  b}'  Seward.- 

1  Fontaine,  W.  M.,  U.  S.  Geol.  Survey  Hon.  4S,  p,  157,  PI.  XXXIX,  flgs.  7,  8, 1905. 

2  Seward,  A.  C,  Jurassic  flora  of  the  Yorkshire  coast,  PI.  XVI,  flg.  6, 1900. 
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The  specimen  from  Douglas  County,  Oreg.,  figured  by  Fontame/  has  probably  been  cor- 
rectly determined  but  is  an  indistinctly  preserved  fragment.  The  enlargements  (figs.  2,  3) 
which  purport  to  show  the  sori  are,  however,  enth-ely  incorrect,  there  being  really  no  trace 
of  the  fruiting  condition.  The  slightly  mvolute  margins  of  the  tips  of  the  pinnules  were  evidently 
mistaken  by  the  artist  for  immature  sori. 

A  comparison  of  the  specimen  from  Cape  Lisburne  with  Adiantites  amurensis  from  Amurland 
as  figured  by  Heer  -  shows  them  to  be  undoubtedly  identical,  and,  as  suggested  by  Seward,^ 
there  is  no  doubt  about  referring  the  Amurland  specimen  to  Coniopteris  hymeno'phyllo'ides. 

Cladophlebis  huttoni  (Dunker)  Fontame. 
Plate  VI,  figure  3. 

Cladophlebis  huttoni  (Dunker)   Fontaine,   in  Ward,  U.  S.  Geol.   Survey  Mon.   48,   p.   161,   Pk.   XLI-XLIII.    1905; 
Knowlton,  in  Collier,  U.  S.  Geol.  Survey  Bull.  278,  p.  29,  1900. 

This  species — one  of  the  most  abundant  ferns  in  the  Cape  Lisburne  region — has  been  so 
fully  described  and  illustrated  by  Fontame  m  the  publication  above  cited  that  it  is  unneces- 
sary again  to  go  over  the  ground.  The  one  or  two  examples  from  the  Collier  collection  are 
here  figured  simply  for  the  purpose  of  showing  that  they  are  undoubtedly  the  same  as  the 
specimens  identified  by  Fontaine  as  CladopMebis  huttoni  (Dunker).  From  the  general  shape 
and  disposition  of  the  pinnaj  and  pumules,  as  well  as  the  character  of  the  nervation,  there  can 
be  no  tloubt,  it  would  seem,  as  to  the  correctness  of  referrmg  these  fronds  to  the  genus  Clado- 
phlebis, but  whether  they  are  to  be  positively  identified  with  Dunker's  Nenropteris  huttoni,* 
from  the  Wealden  of  Hanover,  is  or  may  be  quite  a  difl'erent  thing.  Fontaine  is  very  positive 
on  this  point,  saymg:  "This  fern  [Neuropteris  huttoni]  has  an  uncommon  aspect,  and  it  resem- 
bles so  closely  the  ferns  from  Alaska  that  there  can  be  no  doubt  that  they  belong  to  the  same 
species,"  but  of  this  I  am  not  so  sure.  It  appears  that  only  one  fragment  of  the  Hanoverian 
plant  was  found,  this  bemg  a  portion  of  a  very  strong  rachis  about  5.5  centimeters  long  and 
two  more  or  less  perfect  pinnse.  Dunker's  figure  was  copied  by  Schunper,^  who  changed  the 
name  to  Aleihopteris  huttoni,  and  the  original  specimen  was  later  studied  and  again  figured 
by  Schenk."  Schenk's  figure  differs  somewhat  from  the  original  one,  showing  apparently  that 
the  specimen  is  really  somewhat  less  perfect  than  would  appear  from  Diuiker's  figure.  It 
seems  not  unlikely  that  this  Hanoverian  plant  should  be  referred  to  Cladophlebis  denticulata 
(Brongniart) ;  at  least  it  seems  strikingly  similar  to  some  that  have  been  so  referred — such, 
for  instance,  as  one  figured  by  Seward  '  from  the  Jurassic  of  Yorkshu-e. 

The  figure  of  the  type  specimen  of  Dunker's  plant  shows  the  pmnje  to  be,  as  in  Clado- 
phlebis denticulata,  sessUe  but  not  decurrent  on  the  main  rachis,  whereas  in  the  Alaskan  fronds 
the  pinnae  are  distmctly  decurrent  and,  as  Fontaine  pouited  out,  there  is  an  occasional  pinnule 
on  the  mam  rachis  between  the  insertions  of  the  jjinnae.  It  was  undoubtedly  a  very  large  fern. 
One  specmien  in  the  Dumars  collection — shown  in  Plate  XLI  of  Fontaine's  report — is  32  centi- 
meters in  length,  and  as  it  lacks  both  base  and  apex  was  probably  twice  as  long  when  perfect. 
The  main  rachis  in  this  example  was  more  than  5  millimeters  thick.  The  secondary  puma' 
have  a  tendency  to  be  opposite  on  the  rachis,  though  m  the  upper  portion  they  may  become 
somewhat  alternate.  They  arise  at  an  angle  of  about  45°  and  curve  outward  slightly  so  as 
to  become  approximately  at  right  angles  to  the  rachis.  In  the  lower  and  middle  portions  of 
the  frond  the  pinnaB  are  cut  deeply  into  ovate-lanceolate,  slightly  falcate  divisions  or  piiuiules, 
these  being  mainly  entire,  though  some  of  them  are  provided  with  a  few  low  teeth;  the  pm- 
nules  are  for  the  most  part  rather  acute.     The  lower  puinules  of  the  lower  ultimate  pmnse 

1  Fontaine,  W.  M.,  U.  S.  Geol.  Survey  Mon.  48,  PI.  VIII,  fig.  1,  1905. 

-  Heer,  Oswald,  Flora  fossilis  arctica,  vol.  4,  pt.  2,  PI.  XXI,  figs.  6a-d,  lS7(i. 

3  Seward,  A.  C,  Com.  g&l.  Him.,  new  ser.,  pt.  81,  p.  19, 1912. 

*  Dunker,  W.  B.  R.  H.,  Monographie  der  norddeutschen  Wealdenbildung,  p.  9,  PI.  VIII,  fig.  1,  1846. 

5  Schimper,  W.  P.,  Traite  de  paleontologie  vegetale,  vol.  1,  p.  570,  Atlas,  PI.  XXXI,  fig.  10, 1869. 

«  Sehenk,  A.,  Palaeontographica,  vol.  19,  p.  217,  PI.  XXIX  [VIII],  figs.  1,  la,  1871. 

'  Seward,  A.  C,  Jurassic  flora  of  the  Yorkshire  coast,  PI.  XI\',  fig.  I,  1900. 
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are  least  united.  Toward  the  ends  of  the  ultimate  pinnaj  and  in  the  terminal  portions  of  the 
compound  ends  they  are  more  and  more  united  and  jiass  into  lobes  and  teeth,  the  size  being 
at  the  same  time  dimmished. 

The  nervation  is  described  by  Fontaine  as  follows: 

The  midnerve  goes  off  very  obliquely  and  at  about  two-thirds  the  distance  to  the  end  of  the  pinnide  splits  up 
into  branches,  after  the  fashion  of  Cladophleliis,  so  that  the  plant  is  a  well-marked  type  of  that  genus  and  in  the  absence 
of  fructification  must  be  placed  in  it.  The  lateral  nerves,  in  proportion  to  the  size  of  the  pinnules,  are  quite  slender. 
They  are  immersed  in  the  leaf  substance  and  are  not  conspicuous.  They  go  off  very  obliquely  and  are  forked  one  or 
more  times.  The  lowest  are  the  most  copiously  branched.  The  forking  is  notably  low  down  on  the  nerve,  so  that 
the  branches  are  unusually  long.  On  the  lower  side  of  the  base  of  the  pinnules  one  or  more  lateral  neri-es  go  off  from 
the  main  rachis.  In  the  more  separated  pinnules  the  lower  lateral  nerves  curve  away  from  the  midnerve,  but  in  the 
lobed  and  dentate  forms  the  interior  basal  ones  often  curve  inward  toward  it. 

On  takuig  everythmg  into  account  it  seems  probable  that  this  fern  should  receive  a  new 
name,  but  it  is  so  robust  and  abundant  a  form  that  it  probably  had  a  wide  distribution  in 
Arctic  lands,  not  bemg  confined  to  the  vicuiity  of  Cape  Lisburne,  and  rather  than  give  it  a 
name  which  might  possibly  prove  to  be  a  synonyni  of  some  form  known  from  less  complete 
material,  I  am  permittmg  it  to  remain  under  tlie  name  given  by  Fontame.  It  is  very  much 
to  be  doubted,  however,  that  this  fern  is  itlentical  with  the  Ncnropteris  huttoni  of  Dunker. 

?Cladophlebis  alata  Fontame. 

Plate  V,  figures  3,  4;  Plate  VI,  figure  4. 

?Cladophlebrs  alata  Fontaine,  in  Ward,  U.  S.  Geol.  Survey  Men.  48,  p.  158,  PI.  XXXIX,  figs.  0-11:  PI.  XL,  1905. 
Onychiopsis  psilotoides  (Stokes  and  Webb)  Ward,  idem,  p.  155,  PI.  XXXIX,  figs.  3-6. 
Pecopteris  denticulata  Heer,  Lesquereux,  U.  S.  Nat.  Mus.  Proc,  vol.  11,  p.  32,  1888. 

It  is  with  much  hesitation  that  this  species  is  permitted  to  remam  under  the  designation 
given  it  by  Fontaine  m  his  review  of  the  flora  of  Cape  Lisburne,  especially  m  view  of  the  fact 
that  Beny '  has  merged  the  origmal  C.  alata  with  C.  brovmiana  (Dunker)  Seward,  a  common 
form  in  the  Patuxent  and  Ai-undel  formations  of  Maryland  and  Virgmia.  That  it  is  identical 
with  the  Potomac  forms  is  e.xtremel}^  doubtful,  but  that  it  is  the  same  as  the  numerous  speci- 
mens from  Cape  Lisburne  that  were  so  designated  by  Fontabie  there  can  of  course  be  no  ques- 
tion. At  first  it  was  thought  that  this  form  represented  the  sterile  foliage  of  Coniopteris  hure- 
jensis,  and  this  supposition  may  ultimately  be  verified.  For  utstance,  the  portion  of  the  sterile 
pimia  shown  hi  Plate  V,  figure  4,  is  certainly  strildngly  sunilar  to  the  upper  puma  on  the  right- 
hand  side  of  the  figure* ©f  C.  iurejensis  shown  m  Plate  V.  They  are  of  about  the  same  size, 
have  the  linear  piiuiules  set  at  the  same  strict  angle,  and  are  cut  nearly  to  the  same  degree. 

It  is  not  to  be  denied  that  the  sterile  portions  of  the  specimens  here  called  Cladophlebis 
alata  have  a  rather  strikmg  resemblance  to  OnycKiopsis  psilotoides  (or  mantelli,  as  it  is  more 
frequently  called).  Thus,  the  very  large  lower  pmna  shown  in  Plate  V,  figure  3,  is  similar 
in  general  appearance  to  tlte  figure  given  by  Seward  ^  of  a  specimen,  of  0.  mantelli  from  the 
English  Wealden.  Both  these  specunens  show  well  the  strict  habit  of  the  plants,  and  both 
lack  the  finer  details  of  the  outlines  of  the  ultmiate  divisions.  In  the  Alaskan  specimen  the 
pmnules  are  somewhat  larger,  but  otherwise  the  difference  is  apparently  not  great.  It  was, 
of  course,  this  general  resemblance  which  uiduced  Fontame  ^  to  identify  certain  specimens 
m  the  earlier  collections  as  Onychiopsis  psilotoides,  yet  it  is  impossible  to  distuiguisli  these 
from  a  large  number  here  referred  to  Cladophlebis  alata.  For  instance,  the  puma  shown  in 
Plate  V,  figure  3,  is  not  to  be  separated  from  figure  5  of  Fontame's  plate  above  cited. 

On  the  whole  it  seems  best,  pendmg  the  fuulmg  of  adtUtional  material,  to  leave  this  form 
under  the  name  given  it  by  Fontame,  wit.h  the  frank  confession  that  such  disposition  is  recog- 
nized as  neither  adequate  nor  fuial. 

'  Berry,  E.  W.,  Maryland  Geol.  Survey,  Lower  Cretaceous,  p.  243,  1912. 

2  Seward,  -i.  C,  Fossil  plants  of  the  Wealden,  pt.  1,  PI.  II,  fig.  1, 1S94. 

3  Fontame,  W.  IL,  U.  S.  Geol.  Suney  Mon.  48,  p.  155,  PI.  XXXIX,  figs.  3-6, 1905. 
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Equisetum  collieri  n.  sp. 

Plate  V,  figure  5. 

Stem  very  little  flattened  or  distorted,  about  6  or  7  millimeters  in  diameter  and  about 
5.5  centimeters  long  between  the  nodes,  slightly  swollen  in  the  nodal  region,  and  with  about 
eight  relatively  very  strong  longitudinal  ribs  and  corresponding  channels;  sheath  very  short, 
api^ressed;  teeth  apparently  of  the  same  number  as  the  ridges,  about  12  millimeters  in  length, 
slender  and  sharply  acuminate  at  apex,  each  lying  closely  appxessed  in  a  groove;  tubercles, 
or  enlarged  subterranean  portions,  present  at  the  lower  node. 

This  species  is  based  on  the  only  example  noted  in  the  Colher  collections  and  has  been  named 
for  the  collector.  As  may  be  seen,  it  has  been  little  flattened  or  otherwise  distorted  and  may 
be  viewed  nearly  in  its  entirety.  It  is  chiefly  remarkable  for  the  very'  prominent  ribs  and  corre- 
sponding channels,  and  the  short  sheath  with  the  long,  slender  acuminate  teeth  closely  appressed 
in  the  depressions. 

I  have  very  little  doubt  that  this  is  the  same  as  the  form  from  Cape  Boheman,  Spitzbergen, 
described  by  Heer '  under  the  name  Equisetum  rugulosum.  though  the  j^resent  form  is  better 
preserved  and  admits  of  a  fuller  description  of  the  essential  characters.  The  size  and  the  promi- 
nent ribs  are  evidently  similar  in  both,  though  the  Spitzbergen  specimen  is  not  swollen  in  the 
nodal  region,  and  of  course  the  character  of  the  teeth  can  not  be  made  out.  Rather  than  make 
a  doubtful  identification,  however,  I  have  placed  the  Alaska  specimen  under  a  different  name. 

This  species  is  also  similar  to  the  specimen  of  Equisetum  burejense  from  Amurland  shown 
in  one  of  the  figures  given  by  Heer.^  This  figure  shows  a  portion  of  a  stem  \vith  parts  of  two 
nodes  and  an  attached  "tuber,"  as  well  as  several  scars,  whence  apparently  other  "tubers" 
have  been  broken.  The  figure  of  E.  collieri  shows  the  presence  of  a  "tuber"  of  similar  size  and 
appearance,  at  least  so  far  as  can  be  made  out,  at  the  lower  node.  The  size  of  the  stem  is  similar 
in  the  two  forms,  though  E.  iurejense  is  not  swollen  in  the  nodal  region  nor  are  the  longitudinal 
ridges  so  prominent. 

Seward,^  in  commenting  on  Equisetum  hurejense,  says:  "These  incomplete  specimens  may 
be  tubers  of  Equisetites,  but  they  are  hardly  worthy  of  a  specific  name."  Tliis  attitude  of 
mind  in  dealing  with  obscure  oi  biologically  uncertain  forms  is  not  the  right  one,  in  my  opinion, 
for  if  a  plant  is  sufficiently  well  characterized  to  be  used  as  a  stratigraphic  mark  its  usefulness 
is  increased  by  giving  it  a  definite  name  that  can  be  employed  for  reference,  whether  it  is  bio- 
logically allocated  or  not. 

Nathorst,*  who  reviewed  Heer's  Cape  Boheman  material,  reduced  not  only  his  Equisetum 
rugulosum  but  also  E.  hunhuryanum  Heer  and  Phytotheca  lateralis  ?  Heer  to  Equisetites  sp., 
remarking  that  they  are  too  poorly  preserved  and  doubtful  to  be  maintained.  The  fine  trans- 
verse lines  on  Equisetum.  rugulosum  spoken  of  by  Heer  are,  according  to  Nathorst,  only  checks 
in  the  carbonaceous  covering.  Be  this  as  it  may,  there  does  not  appear  to  be  any  doubt  as  to 
the  correctness  of  referring  the  present  Alaska  form  to  Equisetum. 

Otozamites  giganteus  Thomas. 

Plate  VI,  figure  2. 

Otozamites  giganteus  Thomas,  Jurassic  flora  of  Kamenka:  Com.  gfril.  Mem.,  new  ser.,  pt.  71,  p.  84,  PL  VI,  figs.  1,  2, 
1911. 

The  single  example  figured  is  the  only  specimen  of  this  species  that  has  been  found.  It 
consists  of  a  jjortion  of  the  racMs  about  4  centimeters  in  length  and  the  basal  portions  of  three 
leaflets,  only  one  of  wliich,  however,  is  anywhere  near  perfect.  TMs  most  perfect  leaflet  is  13 
miUimeters  wide  and  is  preserved  for  a  length  of  about  4.5  centimeters  and  was  presumably 

'  Heer,  Oswald,  Flora  fossilis  aretica,  vol.  4,  pt.  1,  p.  32,  PI.  VI,  fig.  19,  1876. 

2  Idem,  pt.  2,  p.  99,  PI.  XXII,  fig.  8,  1876. 

3  Seward,  A.  C,  Jurassic  plants  from  Amurland:  Com.  g^ol.  M^m.,  new  ser.,  pt.  81,  p.  20, 1912. 

'  Nathorst,  A.  G.,  Zur  mesozoischen  Flora  Spitzbergens:  Kongl.  Svenska  Vctenskaps-Akad.  Handl.,  vol.  30,  p.  12,  1897. 
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some  7  or  8  centimeters  in  length  when  li\'ing.  The  base  is  plainly  heart-shaped,  \vith  the 
upper  side  sHghtly  the  longer  and  aj)parently  a  Uttle  overlapping  the  rachis;  the  point  of  attach- 
ment is  approximately  in  the  center  of  the  leaflet.  The  margins  of  the  leaflet  are  completely 
preserved  only  near  the  base,  but  so  far  as  can  be  made  out  little  naiTowing  is  apparent.  The 
nervation  all  arises  at  the  point  of  attachment  and  thence  radiates  out  wdth  occasional  forking 
to  accommodate  the  enlarged  area  reached. 

The  t}-pe  locality  for  Otozamites  giganteus  is  Kamenka,  in  the  district  of  Izium,  in  beds  of 
Bathonian  age  (  =  upper  part  of  Middle  Jurassic  or  Brown  Jura),  and  until  the  present  record 
the  S2:)ecies  had  not  been  found  elsewhere. 

Zamite-s  meg.\phi-llus  (PhOlips)  Seward. 

Plate  VII,  figure  1. 

Zamites  nugaphyllus  (Phillips)  Seward,  Jurassic  flora,  pt.  2,  PL  X,  figs.  4,  5;  PI.  XII,  figs.  1.  3--5.  1904. 

Palseozamia  megaphylla  Phillips,  Geology  of  Oxford,  p.  169,  Diag.  XXX,  fig.  6,  1871. 

Irites  (ilaskana  Lesquereux,  U.  S.  Nat.  Mus.  Proc,  vol.  10,  p.  36,  1887. 

Baiera  palmata  Heer,  Lesquereux,  idem,  vol.  11,  p.  31,  PI.  XVI,  figs.  4.  .5.  1888. 

Nageiopsis  longifolin  Fontaine,  in  Ward,  U.  S.  Geol.  Survey  Mon.  48,  p.  171,  PL  XLV,  figs.  1-5,  190.5. 

Podozamites  grandifolius  Fontaine?,  idem,  p.  167,  PL  XLIV,  fig.  1. 

Leaflets  coriaceous  in  texture,  long,  narrow,  strap-shaped,  slightly  falcate,  abruptly  rounded 
at  base,  narrowed  from  or  below^  the  middle  to  a  long,  slenderly  acuminate  apex:  margin 
perfectly  entire;  attachment  unkno\vn  but  probably  sessile  by  the  narrowed  base;  nerves  dis- 
tinct, paraUel,  not  forkuig  unless  at  base  (wlii<'h  has  not  been  clearly  seen),  20  or  2.5  in  number, 
each  separated  bj-  about  10  thin,  very  delicate  intermediate  vems. 

This  species  is  represented  b}-  nearly  twenty  examples,  none  of  which  is  absolutely  com- 
plete, as  all  lack  the  extreme  base  showing  the  point  of  attachment.  The  character  of  the 
extreme  tip,  however,  is  well  shown  in  several  specimens.  The  maxunum  length  observed  is 
about  IS  centimeters  and  the  width  2.5  to  nearly  .3  centimeters.  At  least  two  of  the  specimens 
show  that  the  base  Ls  becoming  rounded  to  the  pomt  of  attachment,  but  unfortunately  none  is 
quite  clear  at  this  place.  The  character  of  the  nerves,  both  the  larger  and  the  fine  intermediate 
ones,  is  plainly  discernible  in  most  of  the  specimens;  they  are  fully  described  above. 

It  was  at  first  mj-  intention  to  describe  this  as  a  new  species  of  Zamites,  but  on  further 
consideration  I  found  it  impossible  to  distmguish  the  form  from  Zamites  megapliyllus  (Phillips), 
as  described  and  figured  by  Seward  '  from  the  Great  Oolite  (Bathonian)  of  Stonesfield,  England. 
Although  Seward  states  that  the  English  material  consists  almost  entu"ely  of  detached  leaflets, 
he  was  enabled  to  give  the  foHowdng  diagnosis: 

Frond  pinnate,  pinnse  attached  to  the  rachis  at  a  wide  angle,  reaching  a  length  of  more  than  30  centimeters  and 
a  breadth  of  over  3  centimeters;  linear  in  form,  attached  by  a  slightly  contracted  concave  basal  surface,  which  is 
somewhat  thickened;  the  lamina  tapers  gradually  to  an  elongated  acuminate  apex,  frequently  falcate  near  the  tip. 
Veins  numerous  and  parallel,  converging  slightly  toward  the  base  and  apex  of  the  pinnte. 

This  diagnosis,  it  will  be  observed,  agrees  absolutely  with  that  ch-awn  fi-om  the  Alaska 
specimens.  In  the  largest  example  figured  by  Seward,^  which  was  4  centimeters  wide,  the 
"lamina  is  traversed  by  numerous  parallel  vems  between  which,  as  shown  in  the  draA\ing, 
occur  fuier  longituduial  Imes."  In  thi.s  particular,  therefore,  the  specimens  from  Cape  Lisburne 
agree  with  the  English  species  and  apparentlj-  there  can  be  no  doubt  as  to  their  being  correctly 
referred  to  it. 

There  has  been  much  uncertainty  as  to  the  generic  reference  for  these  fine  leaflets.  The 
first  examples  of  this  form  were  obtained  at  the  C'orwin  mine,  in  the  Cape  Lisburne  region, 
about  1SS5,  by  Heiu-y  D.  Woolfe.  These  were  studied  by  Lesquereux,  who  named  them 
Irites  alasTcana  on  account  of  their  presumed  resemblance  to  leaves  of  the  living  Iris.  He 
described  them  as  foUows:  "Leaves  thickish,  linear-lanceolate,  tubulose  at  apex,  narrowed  to 
the  base,  falcate,  equmerved;  median  nerve  obsolete;  the  lateral  broad,  equal."  He  also  adds 
that  the  "nerves  are  about    1    millimeter  in  width   [apart],   not   very  prominent,   equal,   not 

'  Seward,  .V.  C,  Jurassic  flora,  pt.  2,  p.  Ill,  1904.  "  Idem,  PI.  X,  flg.  4. 
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separated  by  intermediate  veinlets,  very  distinct."  I  have  examined  these  specimens,  which 
are  preserved  in  the  United  States  National  Museum,  and  find  them  indistinguishable  from  the 
Collier  specimens,  except  in  size.  '  The  specimens  of  "Mtes  alaslcana,"  with  additional  examples 
collected  at  the  same  locality  by  H.  D.  Dumars  in  1S90,  were  studied  by  Fontaine  and 
referred  to  Nageiopsis  longifolia  Fontaine,  a  very  abundant  form  in  the  Patuxent  formation  of 
Virginia  and  Maryland.  It  has  long  been  my  opinion,  and  in  this  I  am  supported  by  E.  W. 
Berry,'  that  these  specimens  from  Cape  Lisburne  have  absolutely  nothing  to  do  with  Nageiopsis 
nor  of  course  mth  Irites.  They  have  been  compared  carefully  with  the  type  and  typical  mate- 
rial of  Nageiopsis  longifolia  Fontaine,  and  they  are  not  the  same.  It  is  believed  that  they  are 
not  even  congeneric  .- 

I  am  also  referring  to  Zamites  megaphyUus  the  specimens  th^t  Lesquereux  ^  referred  lo 
Baiera  palmata  Heer  and  that  Fontaine  later  referred  with  question  to  Podosamites  grandifolius 
Fontaine.  Both  these  authors  fell  into  the  error  of  regarding  these  leaves  bottom  side  up — 
that  is,  as  may  be  seen  on  referring  to  Lesquereux's  figure  4,  the  part  figured  as  the  base  is  in 
reality  the  apex.  Fontame,"  in  speaking  of  these  specimens,  expressed  doubt  as  to  their 
affinity  buti  finally  referred  them  to  his  Podozamites  grandifolius,  which  is  now  placed  under 
Ctenopsis  latifolia  (Fontaine)  Berry,^  a  rather  rare  species  of  the  Patuxent  formation  of  Virginia. 
Although  these  leaflets  are  if  anything  even  larger  than  the  Collier  specimens  here  figured, 
they  do  not  differ  otherwise,  at  least  so  far  as  can  be  made  out  from  theii"  somewhat  fragmentary 

condition. 

Phcenicopsis  speciosa  Heer. 

Plato  VIII,  figures  2-4. 

Phoenkopsis  speciosa  Heer,  Flora  fossilis  arctica,  vol.  4,  pt.  2,  p.  112,  PI.  XIX,  figs.  1,  2;  PL  XXX,  figs.  1-6,  1S76.      ' 

There  are  several  examples  in  the  Collier  collections  that  clearly  belong  to  Plianicopsis 
speciosa  as  described  and  figured  by  Heer  from  Amurland.  Three  of  these  have  been  figured, 
the  one  showai  in  Plate  VIII,  figure  2,  bemg  the  most  perfect.  Another  (PI.  VIII,  fig.  3)  is 
a  detached  leaflet  or  segment  11  centimeters  m  length  and  nearly  1  centimeter  in  width,  which 
is  indistmguishable  from  the  specimen  shown  in  Heer's  Plate  XXX,  figure  3.  Apparently  this 
very  characteristic  species  has  not  previously  been  recorded  from  North  America. 

Phcenicopsis  angxistifolia  Heer. 

PhiKiiicopsis  amiiisllj'olia  He<?r,  Flora  fossilis  arciica,  vol.  4,  pt.  2,  pp.  51,  113,  PI.  I,  fig.  Id;  PL  II,  fig.  31>;  1876. 

The  CoUier  collection  contams  several  fragments  that  api>ear  certainly  to  belong  to  Phceni- 
copsis angustifolia .  Whether  this  species  is  really  distinct  or  is  referable  to  P.  speciosa,  as 
Seward  •*  suggests,  must  be  left  to  the  future  to  determine.  The  present  specmiens  are  to  be 
identified  with  P.  angustifolia  but  throw  no  light  on  the  question  of  their  identity  with  P.  speciosa. 

Podozamites  lanceolatus  (Lindley  and  Hutton)  Fr.  Braun. 

Podozamites  lanceolatus  (Lindley  and  Ilutton)  Fr.  Braun  (non  Emmons),  Verzeichniss  der  in  der  Kreis-Naturalion- 
Sammlung  zu  Bayreuth  befindlichen  Petrefacten.  p.  100,  1840;  Heer,  Flora  fossilis  arctica,  vol.  4,  pt.  1,  p.  .';.5, 
PL  VII,  figs.  1-7, 1876;  idem,  pt.  2,  p.  106,  PL  XXIII,  figs.  Ic,  4a-c;  PL  XXVI,  figs.  2-10;  PL  XXVII,  figs.  1-8,  1876. 

The  typical  form  of  this  variable  type  is  represented  by  only  a  few  fragments  of  rather 
large  leaves  that  are  too  poor  to  figure. 

1  Maryland  Geol.  Survey,  Lower  Cretaceous,  p.  385,  1911. 

!  Since  the  above  was  written  Ilamshaw  Thomas  has  published  a  short  paper  (Some  new  and  rare  Jurassic  plants  from  Yorkshire:  Cambridge 
Phllos.  Soc.  Proc.,  vol.  17,  pp.  2.56-262,  Pis.  VI,  VII,  1913)  in  which  he  has  described  a  new  type  ol  ginkgodian  leaf  under  the  name  Eretmophyllum. 
In  discussing  the  relationship  of  this  new  form  Thomas  suggests  the  possibility  that  these  specimens,  referred  by  Fontaine  to  Nageiopsis  longifolia, 
may  really  be  referable  to  his  Eretmophyllum.  Continuing,  he  says:  "Fontaine's  figure  5  might  possibly  be  an  Eretmophyllum  leaf  figured 
upside  down,  and  the  shape  of  the  other  fragments,  thindistant  veins  almost  parallel  but  sometimes  forking,  presents  some  points  of  similarity." 
A  comparisonof  the  specimens  studied  by  Fontaine,  as  well  as  the  Collier  specimens  here  figured,  shows  that  thissuggestion  is  not  without  weight. 
This  may  account  for  the  fact  that  the  leaves  or  leaflets  are  always  isolated,  and  fiurther  they  may  have  been  improperly  oriented.  Uowever, 
until  further  proof  is  forthcoming,  it  seems  as  well  to  leave  them  under  Zamites. 

3  Lesquoreux,  Leo,  U.  S.  Nat.  Mus.  Proc,  vol.  11,  PI.  XVI,  figs.  4,  5,  p.  31,  1SS8. 

'  Fontaine,  W.  M.,  U.  S.  Geol.  Survey  Mon.  4S,  p.  167, 1905. 

■•■  Berry,  E.  W.,  Maryland  Geol.  Survey,  Lower  Cretaceous,  p.  349, 1911. 

«  Seward,  A.  C,  Jurassic  plants  from  Amurland;  Com.  gc'ol.  Mfm.,  new  ser.,  pt.  81,  p.  21, 1912. 
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PoDOZAMiTES  LANCEOLATUs  EicHWALDi  (Schiinper)  Heer. 
Plate  V,  figure  (i;  Plate  VI,  figure  5,  part. 

Podozamites  lanceolafus  ckhwaldi  (Schimper)  Heer,  Flora  fossilis  arctica,  vol.  4,  pt.  2,  p.  109,  PI.  XXIII.  fig.  4:  PI. 

XXVI,  figs.  2,  3,  9;  PI.  XXVII,  figs.  1,  5c,  1876;  Nathorst,   Zur  mesozoischen   Flora   Spitzbergens:   Kongl. 

Svenska  Vetenskaps-Akad.  Handl.,  vol.  30,  p.  13,  PI.  I,  fig.  5,  1897. 
PodozamiUs  cichwaldi  Schiinper,  Traite  de  pal^ontologie  v^getale,  vol.  2,  p.  KiO,  1870;  Ileer,  Flora  t'o.ssilis  arctica, 

vol.  4,  pt.  1,  p.  36,  PI.  VI,  fig.  22c;  PI.  VII,  fig.  7c;  PI.  VIII,  figs.  1-J,  1876. 
Podozamites  lanceolalus  latifolius  (Schenk)  Heer,  Knowlton,  in  Collier,  U.  S.  Geol.  Sur\-ey  Bull.  278,  p.  29.  1906. 

This  fomi  is  very  abundant  and  excellently  well  preserved  in  the  Collier  collections,  and 
Heer  also  speaks  of  it  as  being  an  abundant  form  in  the  sandstones  at  Cape  Boheman,  Spitz- 
bergen.  At  first  Heer  described  it  with  full  specific  rank,  but  later  he  inclined  to  regard  it  as 
merely  a  variety  of  the  omnipresent  P.  lanceolntus,  and  tliis  is  the  view  taken  by  Nathorst, 
who  restudied  Heer's  specimens  together  with  much  additional  material.  Nathorst  states  that 
three  forms  of  P.  lanceolatus  are  present  at  Cape  Boheman — P.  lanceolntus  genuinus,  P.  I.  eich- 
waldi,  and  P.  I.  ovalis.  It  is  ciuito  possible  that  a  large  series  might  show  that  these  forms  so 
mtergrade  as  to  make  it  unsatisfactory  to  attempt  to  draw  any  sharp  lines  between  them,  but 
in  the  present  collection  they  aj^pear  very  distinct.  For  stratigraphic  purjioses  the  variety 
eichwaldi  is  certainly  well  marked,  a  fact  which  is  of  mterest  m  the  present  connection  as  tend- 
ing to  comiect  the  Cajie  Lisburne  region  ^^^lth  other  undoubted  Jurassic  localities. 

Elatides  crRViFOLA  (Dunker)   Nathorst. 
Plate  VIII.  figure  1. 

Elatides  curvifolia  (Dunker)  Xatliorst,  Zur  mesozoischen  Flora  Spitzbergens:  Kongl.  Svenska  Vetenskaps-Akad.  Handl, 

vol.  30,  p.  35,  PI.  I,  figs.  2.5-27;  PI.  II,  figs.  3-6;  PI.  IV,  figs.  1-18;  PI.  VI,  figs.  6-8,  1897. 
Lycopodites  currifolius  Dunker,  Monographie  der  norddeutschen  Wealdenbildung,  p.  20,  PI.  VII,  fig.  9,  1846. 

The  single  fragmentary  example  figured  is  all  that  was  noted  of  this  species. 
Pagiophyllum  kltbrii.  (Pomel)   Schimper. 
Plate  VI,  figure  1. 

Pagiophyllum  kurrii  (Pomel)  Schimper,  Traite  de  paleontologie  veg<^tale,  vol.  2,  p.  250,  1872;  MoUer,  Bornholms  fossila 

Flora,  GjTnnospermer:  Kongl.  Svenska  Vetenskaps-Akad.  Handl.,  vol.  36,  p.  31,  PI.  V,  figs.  10-12,  1903. 
Araucaria  peregrina  p.  p.,  Kurr,  Beitrage  zur  fossilen  Flora  der  Juraformation  Wurttembergs,  p.  9,  PL  I,  fig.  1,  1846. 
Moreauia  kuhrii  Pomel,  Materiaux  pour  servir  a  la  flore  fossile  Jurassique  de  la  France,  p.  21,  1849. 

This  species,  described  origmally  from  the  Jurassic  of  Wurttemberg,  was  found  by  MoUer 
at  Bornholm  hi  beds  regarded  as  either  Rhsetic  or  Liassic.  Whether  MoUer  has  been  correct 
m  determmuig  the  Bornholm  plants  as  identical  with  Pagiophyllum  hurrii  need  not  be  discussed 
at  this  tune,  but  it  is  certain  that  the  specimens  so  figured  and  named  by  hini  are  not  to  be 
distmguished  from  the  Cape  Lisburne  example  here  figured.  For  instance,  MoUer's  Plate  V, 
figure  12,  shows  a  short  branchlet  with  broad,  rather  obtuse  loaves  that  is  certainly  the  same 
as  the  specunen  from  Cape  Lisburne. 

On  the  same  piece  of  matrix  ami  lying  very  close  to  the  branchlet  from  the  Collier  collection 
is  the  apical  portion  of  another  brancUet  which  may  or  may  not  represent  a  very  immature 
cone.  It  is  not  well  preserved  and  hence  can  not  be  made  out  with  certamty.  Just  below  the 
"cone"  are  two  or  tlu-ee  leaves  of  the  same  size  and  appearance  as  those  on  the  adjacent 
branchlet;  below  these  the  leaves  become  crowded  and  apparently  narrower  and  shorter. 
It  is,  on  the  whole,  probable  that  this  is  merely  a  growmg  tip  m  wliich  the  leaves  are  not  fully 
developed. 
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Pagiophyllum  steenstrupi  Bartholin? 

Pagiophyllum  steenstrupi  Bartholin,  Nogle  i  den  bornholmske  Juraformation  forekommende  Planteforsteninger,  p.  101, 
PI.  V,  figs.  6-8;  PI.  VI,  figs.  1,  2,  4,  1894;  Moller,  Bornholms  fossila  Flora.  Gymnospermer:  Kongl.  Svenska  Veten- 
skaps-Akad.  Handl.,  vol.  36,  p.  33,  PI.  VI,  figs.  1-3,  1903. 

The  Cape  Lisburne  material  contains  two  minute  fragments  that  appear  to  be  the  same 
as  the  tips  of  branchlets  such  as  are  shown  in  Plate  VI,  figure  3,  of  Moller's  paper,  cited  above, 
but  they  are  so  small  and  uncertain  as  to  make  their  identification  more  or  less  questionable. 

These  specimens  also  suggest  StacJiyotaxus  sepfentrionalis  (Ag.)  Nathorst,  as  figured  by 
Moller,^  but  there  is  not  enough  preserved  to  identify  them  certamly  with  that  species. 

PiTYOPHYLLUM  NORDENSKioLDi  (Hcer)  vSeward. 

Pityophyllum  nordensHoldi  (Heer)  Seward,  Jurassic  plants  from  Amurland:  ("om.  geol.  Mem.,  new  ser.,  pt.  81,  p.  30, 

PI.  II,  fig.  17;  PI.  Ill,  fig.  22,  1912. 
Pinus  nordenskioldi  Heer,  Flora  fossilis  arctica,  vol.  4,  pt.  1,  p.  45,  PI.  IX,  figs.  1-6.  1876;  idem,  pt.  2,  pp.  76,  117. 

PI.  IV,  fig.  8c;  PI.  XX.  fig.  4,  a,  b;  PI.  XXVII,  fig.  9a;  PI.  XXVIII,  fig.  4,  1876. 

This  form  is  represented  in  the  present  material  by  several  small  fragments  which  are  about 
3  millimeters  in  width  and  2  or  3  centuneters  in  length,  evidently  from  the  middle  portion  of  the 
leaves.  They  have  a  smgle  very  strong  median  rib  and  show  distmctly  the  peculiar  transverse 
wrinkling  so  well  known  m  leaves  of  this  tyjje.  One  fragment  appears  to  show  the  presence 
of  the  longitudinal  groove  m  the  middle  of  the  lamina  that  is  regarded  by  Nathorst  as  so  char- 
acteristic of  this  species,  though  the  others  in  close  proximity  to  it  do  not.  It  is  probable, 
as  Nathorst  has  suggested,  that  the  transverse  wruikhng  is  m  theanam  a  phenomenon  of  desicca- 
tion, though  it  was  doubtless  more  or  less  connected  with  some  structural  peculiarity. 

As  Seward  -  has  very  well  said,  it  is  extremely  difficult,  if  not  mipossible,  satisfactorily  to 
distmguish  between  many  of  the  Rhsetic  and  Jurassic  leaves  that  have  been  described  from  time 
to  time  under  the  name  Pityophyllum.  Thus  I  can  see  no  marked  distinction  between  what  is 
here  called  P.  nordenskioldi  and  P.  staratschini  (Heer)  Nathorst,^  from  Advent  Bay,  Spitz- 
bergen.  It  also  agrees  closely  with  Taxites  cf.  grainineus  (Heer)  as  figured  by  Nathorst  *  from 
Franz  Josef  Land.  Seward  *  has  suggested  that  the  leaves  from  the  Jurassic  of  Oregon  referred 
by  Fontame "  to  Nilsonia-  parvula  {Tseniopteris  parvula  Heer)  are  to  be  regarded  as  belonguig 
to  Pityophyllum,  but  this  can  hardly  be  so,  for  they  are  much  larger  than  any  usually  referred  to 
Pityophyllum,  and  moreover  they  have  a  lateral  nervation  exactly  as  figured  by  Heer  under 
.Tseniopteris  parvula. 

FlELDENIA    NORDENSKIOLDI    NatllOrst. 
Plate  VII,  figure  2. 

Fieldenia  nordenskioldi  Nathorst,  Zur  mesozoischen  Flora  Spitzbergens;  Kongl.  Svenska  Vetenskaps-Akad.  Handl.. 
vol.  30,  p.  .56,  PI.  Ill,  figs.  16-27,  1897. 

In  the  material  from  Cape  Lisburne  I  find  several  more  or  less  well  preserved  leaves  that 
I  am  unable  to  distmguish  from  Nathorst's  species,  which  comes  from  the  Upper  Jurassic  of 
Advent  Bay,  Spitzbergen.  The  example,  figured  is  nearly  perfect  except  that  the  nervation 
is  rather  incUstmct,  though  careful  scrutiny  discloses  the  presence  of  about  eight  thin,  parallel 
nerves.  The  point  of  the  leaf  is  obtuse  and  rounded,  the  basal  portion  is  narrowed  to  the  point 
of  attachment,  and  on  the  whole  this  leaf  is  absolutely  incUstinguishable  from  that  shown  in 
figure  17  of  Nathorst's  Plate  III. 

As  Nathorst  has  pointed  out,  it  is  difficult,  if  not  impossible,  to  distinguish  between  the 
present  species  and  what  Heer '  has  called  Podozamifes  ensiformis  and  P.  cuspiformis  from 
the  Irkutsk,  eastern  Siberia. 

>  Op.  cit.,  PI.  V,  flg.  7. 

2  Seward,  A.  C,  Jurassic  plants  from  .Vmurland:  Com.  geol.  M^m.,  new  ser.,  pt.  SI,  p.  30, 1912. 

s  Nathorst,  A.  G.,  Zur  mesozoischen  Flora  Spitzbergens:  Kongl.  Svenska  Vetenskaps-Akad.  Handl.,  vol.  30,  p.  6S,  PI.  V,  flgs.  32-36, 1897. 

<  Nathorst,  A.  G.,  Fossil  plants  from  Franz  Josef  Land:  Norwegian  North  Polar  Exped.,  vol.  1,  No.  3,  PI.  II,  flgs.  20-23, 1900. 

'  Sew£.rd,  A.  C,  op.  cit.,  p.  20. 

«  Fontaine,  W.  M.,  U.  S.  Geol.  Survey  Mon.  48,  PI.  XVII,  figs.  1-7, 1905. 

'  Heer,  Oswald,  Flora  fossilis  arctica,  vol.  4,  pt.  2,  PI.  IV,  figs.  8-10, 11, 12, 1878. 
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Ginkgo  digitata  (Brongniart)  Heer. 

Plate  VI.  figure  5,  part;  Plate  VII,  figures  3-5. 

Ginkgo  digitata  (Brongniart)  Heer,  Flora  fossilis  arctica,  vol.  4,  pt.  1,  p.  4C,  PI.  X,  figs.  1,  5a,  b,  6,  1876. 
Ginkgo  huttoni  (Sternberg)  Heer,  Fontaine,  in  Ward,  U.  S.  Geol.  Survey  Men.  48,  p.  170,  1905. 
Ginkgo  kutloni  magnifoliaf  Fontaine,  idem,  p.  170,  PI.  XLIV,  figs.  7,  8. 
Ginkgo  multinervis  Heer,  Lesquereux,  U.  S.  Nat.  Mus.  Proc,  vol.  11,  p.  31,  PI.  XVI,  fig.  G.  1888. 

Leaves  of  Ginkgo  are  abundant  in  the  Cape  Lisburne  collections,  and  it  was  undoubtedly 
a  conspicuous  element  in  this  flora,  as  indeed  it  must  have  been  in  all  the  northern  Jurassic 
and  early  Cretaceous  floras.  In  the  Oregon  collections,  for  instance,  the  genus  is  represented 
literally  by  hundreds  of  specimens,  and  it  was  equally  abundant  throughout  eastern  Siberia. 

This  geuus  has  been  very  much  overburdened,  for  in  dealing  with  such  an  abundance 
of  specimens  and  multiplicity  of  forms  one  must  needs  make  either  many  "species"  to  accom- 
modate this  diversity,  or  only  one  or  two,  and  in  view  of  the  known  variation  exhibited  by 
the  single  living  species,  the  latter  plan  seems  preferable.  As  a  consequence,  all  the  Alaska 
specimens  are  here  considered  as  referable  to  the  extremely  variable  Ginkgo  digitata. 

The  first  Ginkgo  leaf  known  from  Cape  Lisburne — namely,  that  found  in  Woolfe's  col- 
lection— was  identified  by  Lesquereux  as  G.  multinervis  Heer,  a  species  described  from  the 
Cenomanian  beds  of  Atane,  Greenland.  The  same  specimen  was  later  referred  by  Fontaine 
to  (t.  Jiuttoni  (Sternberg)  Heer,  but  while  the  segments  are  cut  nearly  to  the  base,  it  does  not 
differ  essentially  from  many  referred  to  G.  digitata. 

The  two  rather  fragmentary  leaves  from  the  Dumars  collection  Fontaine  referred  with 
a  question  to  his  G.  huttoni  magnifolia,^  named  from  the  Jurassic  of  Douglas  County,  Oreg. 
The  validity  of  this  variety  will  not  be  discussed  at  this  time,  and  it  is  sufficient  to  say  that 
the  two  specimens  from  Cape  Lisbiu'ne  are  here  referred  to  G.  digitata. 

1  Fontaine,  W.  M.,  U.  S.  Geol.  Survey  Mon.  4S,  p.  124,  PI.  XXXI,  figs.  4-8;  PI.  XXXH,  flgs.  1,  2, 1905. 


PLATE  V. 


PLATE  V. 

Figure  1.  Coniopteris  burejensis  (Zalessky)  Seward. 

2.   Coniopteris  hymenophylloides  (Brongniart)  Seward. 
3,4.  ?  Cladophlehis  alata  Fontaine. 

5.  Equisetum  coUieri  n.  sp. 

6.  Podozamites  lanceolatus  eichwaldi  (Heer)  Seward. 
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PLATE  VI. 


PLATE  VI. 

Figure  1.  Pagiophyllmn  hurrii  (Pomel)  Schiniper. 

2.  Otozamites  giganfeus  Thomas. 

3.  CladopJiJehis  Tiuttoni  (Dunker)  Fontaine. 

4.  ? Cladopfdehis  ahta  Fontaine. 

5.  Cf-mJcgo  digifafa  Heer  antl  Podozamites  Janccolaius  eicJnvaldi  (Heer)  Seward. 
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PLATE  VIL 

Figure  1 .  Zamites  megaphylhis  (Phillips)  Seward. 
2.  Fieldenia  nordensTcioldi  Nathorst. 
3-5.  Ginkgo  digitata  Heer. 
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PLATE  VIII. 


PLATE  VIII. 


Figure  1.  Elatides  curvifolia  (Dunker)  Nathorst. 
2-4.  Phmnicopsis  speciosa  Heer. 
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RESINS  IN  PALEOZOIC  PLANTS  AND  IN  COALS  OF  HIGH  RANK. 


Bv  David  White. 


INTRODUCTION. 

The  theory  that  coal  is  but  peat,  mainty  of  swamp  types  of  formation,  that  has  been  trans- 
formed by  normal  geologic  processes  seems  to  have  been  completely  demonstrated,  though  it  is 
not  fully  accepted  by  many  geologists  and  chemists.  Examinations  have  shown  that  the  coal 
substance  is  made  up  of  plant  debris,  more  or  less  decomposed  and  altered,  mingled  with  and 
perhaps  permeated  by  the  now  hardened  but  once  liquid  products  of  organic  decomposition. 
Such  being  the  case,  we  may  conclude  that  all  the  parts  and  products  of  the  plants  were  origi- 
nally contributed  to  the  peat  formation  and,  either  as  fragmental  remains  or  perhaps  as  chemical 
products  of  the  decomposition  of  portions  of  the  vegetal  substance,  may  have  entered  into  the 
composition  of  the  peat.  The  evidence  shows  that  varj^ing  proportions,  m  places  nearly  all,  of 
the  contributed  plant  materials  were  stmcturally  obliterated  before  the  peat-forming  process 
terimnated. 

Naturally,  in  the  process  of  building  up  peat  those  plant  parts  and  products  which  were 
most  resistant  to  the  decomposing  agents,  principally  bacteria  and  fungi,  would  survive  longest 
and,  other  things  being  equal,  would  be  most  easUy  recognized  ui  the  midestroyed  debris  remain- 
ing in  the  coal.  Among  these  decav-resisting  products  are  the  resins,  waxes,  spore  covers,  cuti- 
cles, seed  coats,  and  bast  of  the  plants  of  numerous  kinds  that  are  contributed  to  the  peat. 

Plants  of  t^-pes  that  produce  resins  and  waxes  are  present  in  every  region  where  peat  is 
now  m  process  of  formation.  Their  fossil  remains  are  present  also  hi  nearly  every  swamp 
that  is  found  buried  in  the  formations  of  later  geologic  ages,  and  in  the  low-rank  coals  found  in 
these  formations.  Yet,  because  the  presence  of  resins  in  the  coals  of  higher  rank  has  not  been 
sufficiently  demonstrated,  it  is  believed  by  many,  perhaps  by  most  geologists  and  chemists,  and 
even  by  some  paleontologists,  that  resms  never  entered  mto  the  composition  of  these  coals;  that 
the  higher-rank  coals  of  aU  ages  owe  their  very  differences  ui  rank  to  differences  m  the  t^-pes  of 
the  plants  from  which  they  were  formed,  the  absence  of  resiti-producing  plants  being  regarded 
as  one  of  the  conspicuous  characteristics  of  the  floras  producmg  these  coals;  and  that  the  gi-eat 
coal-formmg  floras  of  the  Carboniferous  period,  to  which  the  bituminous  and  higher-rank  coals 
of  most  parts  of  the  world  belong,  were  destitute  of  resin-bearmg  plants.  It  is  also  urged  by 
many  foreign  writers  that  the  coals  of  high  rank  have  not  at  any  time  existed  as  peats. 

The  fact  that  the  presence  both  of  the  remams  of  resm-bearmg  plants  and  of  resin  itself  m 
the  high-rank  coals  of  the  Paleozoic  and  Mesozoic  formations  has  not  been  generally  recognized 
is  due  to  the  nature  of  the  evidence  rather  than  to  the  lack  of  it.  The  purpose  of  the  present 
paper  is  (1)  to  show  that  resins  have  been  contributed  to  the  high-rank  coals  of  the  Cretaceous 
and  Tertiary  periods  as  well  as  to  the  coals  of  low  rank  which  are  characteristic  of  those  periods; 
(2)  to  pomt  out  the  evidence  that  the  Carboniferous  floras  were  possibly  as  richly  productive  of 
resms  or  resinous  substances  as  the  floras  of  later  periods;  and  (3)  to  demonstrate,  with 
illustrations  of  material  both  common  and  unique,  the  presence  of  abmidant  resinous  material 
in  Paleozoic  coals.  Observations  as  to  the  physical  changes  m  the  resins  consequent  on  the 
alteration  of  the  coals  to  successively  higher  ranks  are  given.  Incidentally  the  paper  sets  forth 
further  proof  (which  apparently  is  not  superfluous)  of  the  origm  of  high-rank  coals  as  peats. 
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RESINS   IN   COALS   OF  LOW  RANK. 

The  occurrence  of  fossil  resiiis  in  the  lignites  of  the  Cretaceous  period  is  known  to  all  who 
have  closely  observed  these  fuels.  They  are  present  in  almost  all  deposits  of  these  lignites  and 
are  in  some  places  so  abundant  as  to  constitute  an  appreciable  portion  of  the  coal.  These  resins 
have  been  derived,  for  the  most  part  at  least,  from  coniferous  trees  that  have  been  contributed 
to  the  origmal  peat  from  which  the  lignites  or  coals  of  higher  rank  were  formed. 

As  ordmarUy  observed,  without  the  aid  of  the  microscope,  the  resins  consist  of  very  irregu- 
lar lumps  ranging  from  the  smallest  particles  to  fragments  over  an  inch  in  diameter.  Usually  the 
larger  pieces  are  more  or  less  elongated  and  variously  flattened  or  shapeless.  Sometimes  they 
are  found  m  their  orighial  positions  with  reference  to  the  remains  of  the  trunks,  branches,  or 
organs  which  bore  them  as  surface  exudates  or  to  cover  wounds,  but  generalh^  they  appear 
to  be  scattered  in  a  medium  of  more  or  less  promiscuously  mmgled  plant  debris  or  vestiges,  all 
cemented  m  a  dark  humic  matrix  ("carbohumm"),  though  ui  fact  the  debris  is  apt  to  be  more 
or  less  distinctly  stratified  and  assorted  as  to  kind,  size,  and  state  of  preservation  in  the  strata 
of  the  coal  bed.  Thus  the  resins  are  much  more  abundant  in  some  layers  of  the  coal  than  in 
others,  accordmg  to  the  kinds  of  mgredient  plant  material  contributed  to  form  these  layers 
and  the  conditions  attending  their  deposition  in  the  peat  swamp.  The  conditions  of  deposi- 
tion controlled  both  the  extent  of  decay  of  the  variable  plant  debris  and  the  disposition  of  the 
decomposition  products,  portions  of  which  were  usually  carried  in  solution  by  water  from  the 
areas  of  peat  formation. 

The  resins  are  generally  yellowish,  brownish,  or  amber-colored,  translucent,  and  vitreously 
conchoidal  in  fracture,  though  some  of  the  material  is  pale  yellow  and  apparently  granulose  in 
texture.  As  is  well  knowm,  the  amber  of  the  arts  and  most  of  the  copal  of  commerce  are  merely 
fossil  resins,  the  greater  part  of  the  trade  supply  of  amber  having  been  produced  by  several 
Tertiary  species  of  pines  now  found  fossil  m  the  rocks  bordering  the  Baltic  Sea  in  eastern  Prussia. 

Substances  regarded  by  certain  authors  as  fossil  resins  have  been  described  under  many 
names,  some  of  which  follow:'  Amber,  ambrosme,  ajkite,  ambrite,  berengelite,  bucaramangite, 
briicknerellite,  caproline,  chemawinite,  duxite,  dinite,  euosmite,  fichtelite,  gedanite,  glessite, 
guayaquillite,  hatchetine,  hartite,  kranzite,  jaulmgite,  konlite,  koflachite,  leucopetrite,  middle- 
tonite,  muckite,  neudorfite,  piauzite,  pyroretin,  phylloretin,  retinite,  retinellite,  refikite,  rosthorn- 
ite,  riimanite,  reussinite,  scheererite,  schleretinite,  succinite,  schraufite,  sieburgite,  simetite, 
walchowite,  xyloretinite. 

By  far  the  greater  part  of  these  resins  or  doubtful  supposed  resins  are  from  coals  of  Creta- 
ceous and  Tertiary  ages  or  from  peats. 

Although  at  some  localities  and  in  certain  layers  of  the  lignites  and  subltituminous  coals  ^ 
small  lum])s  of  resin  may  be  so  numerous  as  to  be  conspicuous  on  the  bedding  ])hines  or  cross 
fractures  of  the  coal,  these  are,  after  all,  insignificant  in  quantity  as  compared  with  the  resin  in 
particles  of  microscopic  size  contamed  m  the  same  layers  or  even  in  layers  that  reveal  no  resin 
at  all  to  the  unaided  eye.  These  microscopic  fragments  are  present  in  var^-ing  amounts  in 
practically  all  the  low-rank  coals  of  Cretaceous  or  Tertiary  age  that  have  been  microscopically 
examined.  In  some  places  they  are  so  abundant  as  to  impart  a  yellowish  or  brownish  color  to 
the  layer.  The  relative  amounts  of  these  resms  and  resin  compounds  affect  certain  important 
quahties  of  the  fuels,  as  will  later  be  noted.  The  microscopic  resms  are  numerous  m  kind  and 
mode  of  occurrence,  having  been  deposited  in  the  cells  and  vessels  of  wood,  bark,  leaves,  and 
seed  coats  and  in  the  outer  envelopes  of  spores  and  jwllen  grams.  In  the  plant  world  of  to-day 
they  are  produced  by  many  different  kinds  of  vegetation  belonging  to  widely  different  classes  of 
vascular  plant  life.  A  large  percentage  of  the  dry  wood  of  certain  conifers  consists  of  resm.  On 
the  other  hand,  many  types  of  plants,  especially  among  the  angiosperms,  produce  little  or  none. 

1  See  Leonhard,  Gustav,  Grimdziige  der  Mineralogie,  2d  ed.,  pp.  3Sl-38a,  1800;  also  Dana,  J.  D,,  Mineralogy,  Cth  ed.,  pp.  990-1024, 1892. 

2  As  defined  by  M,  R.  Campbell  (Econ.  Geology,  vol.  3,  p.  134, 1908),  the  subbituminous  coals  are  distinguished  from  the  bituminous  by  their 
mode  of  weathering,  their  less  developed  jointing  and  cleavage,  and  their  higher  moisture.  On  exposure  to  the  atmosphere  the  lumps  check  irreg- 
ularly, the  resultant  fragments,  however  small,  being  irregular  in  outline  and  having  rough  faces  instead  of  cleavage  planes.  'Weathering  is  charac- 
terized (very  conspicuously  in  the  longer -exposed  fragments)  by  separation  of  the  coal  in  plates  parallel  to  the  bedding,  this  jirocess  continuing  to 
invisible  limits  They  were  formerly  called  "black  lignites."  The  name  lignite  is  now  restricted  by  the  United  States  Geological  Stu-vey  to 
brown  coals. 
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CONCENTRATION   OF  RESINS  IN   COALS. 

The  principle  proposed  by  many  of  the  older  paleobotanists  and  emphatically  reiterated  by 
Renault  and  Bertrand,  that  the  vestiges  or  remams  of  the  plant  structures  contained  in  the  coals 
represent,  in  general,  those  parts  of  the  plant  or  those  kinds  of  tissue  which  were  most  resistant 
to  decay,  is  exceptionally  well  illustrated  by  the  resms.  It  is  weU  knowai  that  the  delicate  and 
soft  structures  of  the  plant,  such  as  the  parenchymatous  and  medullary  tissues,  are  the  first 
to  disappear  in  the  putrefactive  processes  necessary  to  the  formation  of  peat,  and  that  accord- 
mg  to  the  duration  of  these  processes,  which  is  a  variable  factor,  and  to  the  agents,  mainly 
bacterial,  engaged,  the  decomposition  becomes  more  and  more  complete,  extending  to  the 
more  resistant  elements  or  tissues.  Thus  the  decay  of  the  less  resistant  starchy  and  cellulosic 
compounds  is  followed  by  that  of  the  more  resistant;  the  wood  succumbs  before  the  corkj^ 
bark;  the  proteids  disappear  in  advance  of  the  waxes,  and  so  on,  until  in  the  most  "mature" 
and  "amorphous"  peats  little  is  left  except  the  most  indestructible  parts,  such  as  the  resin 
particles,  fragments  of  cuticles  that  are  composed  of  very  resistant  substances,  and  the  resinous 
or  waxy  coveruigs  of  spores  and  pollen  gi-ains.  Of  these  persistent  portions  of  the  plant  the 
resins  generally  survive  to  the  last  the  subaqueous  biochemical  or  putrefactive  processes  con- 
cerned in  the  formation  of  peats. 

From  the  foregoing  statements  it  wiU  be  seen  at  once  that  the  amount  of  resin  in  a  coal, 
though  varying  of  course  according  to  the  kinds  of  plants  contributed  to  the  formation  of 
the  mother  peat,  is  largely  determined  by  the  extent  to  which  the  decay  of  the  vegetal  debris 
progressed.  For,  as  the  resin  is  the  most  resistant  to  decay,  it  obviously  will,  other  things 
bemg  ecjual,  survive  to  form  the  largest  percentages  in  those  peats  (coals)  in  which  the  decay  of 
the  plant  debris  has  gone  farthest.  The  successive  decay  of  the  less  resistant  enveloping  and 
associated  tissues  gradually  frees  the  resin  particles,  which,  with  the  disappearance  of  the 
other  plant  materials,  settle  together  in  an  accumulation,  really  a  natural  concentration.  Hence 
a  mature  or  "amorphous"  peat  formed  by  the  far  advanced  decay  of  plants  that  have  a  com- 
paratively low  resin  content  may  actually  be  much  more  resinous,  as  the  result  of  such  concen- 
tration, than  another  peat  of  the  xyloid  type,  composed  largely  of  wood  which,  though  relatively 
rich  in  resin,  has  undergone  comj)aratively  slight  decay. 

Wliat  is  said  above  as  to  the  genesis  of  peats  may  be  affirmed  also  of  lignites,  subbituminous 
coals,  and  coals  of  higher  grades,  all  of  wliich  are  but  lithified  and  altered  peats. 

In  most  coals,  especially  the  woody  types,  the  percentage  in  volume  of  the  resin  still  resting 
in  the  original  cells  or  vessels  in  a  piece  of  wood  is  further  relatively  increased  by  the  mere  loss 
of  moisture  and  the  other  cell  contents,  and  by  the  contraction  and  collapse  of  the  cell  walls 
under  pressure,  with  the  attending  chemical  changes.  The  great  reduction  in  volume  thus 
produced  in  the  wood  is  accompanied,  in  the  low-rank  coals,  by  no  observed  shrinkage  of  the 
"rosin "-like  resins.  In  the  xyloid  lignites — that  is,  lignites  consisting  largely  of  undestroyed 
or  but  partly  decayed  fragments  of  trunks,  branches,  or  twigs — the  amounts  of  resin  may  be 
very  little  if  the  woods  represented  were  originally  not  very  resinous:  but  in  some  coals  highly 
resinous  woods  have  been  so  reduced  without  obliteration  of  the  cells  that  the  volumetric  per- 
centage of  resin  therein  has  been  more  than  doubled. 

EFFECTS   OF  RESIN   CONCENTRATION. 

It  has  often  happened  durmg  the  formation  of  thick  deposits  of  peat  in  a  swamp  that  the 
water  has  in  places  been  for  a  time  too  deep  to  be  occupied  by  vascular  plants  growing  in  place. 
In  these  pools,  sometimes  small  and  irregular  in  form,  where  the  water  was  temporarily  open 
and  the  supply  of  oxygen  was  greater,  the  decomposition  of  the  vegetal  debris  falling  into  the 
water  could,  if  the  water  was  not  too  stagnant,  go  so  far  as  to  leave  only  great  quantities  of  resin- 
ous matter  mingled  with  spore  and  pollen  exines,  wax  residues,  and  cuticles.  The  same  con- 
dition could  exist  also  beneath  the  ordinary  shallow-water  cover  in  portions  of  the  swamp  if  the 
oxygen  supply  was  sufficient  and  the  rate  of  accession  of  fresh  plant  debris  was  not  too  great. 
Layers  of  such  matter  may  be  recognized  in  many  coals,  though  usually  they  are  thin  and 
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obscured  by  underlying  or  superimposed,  more  or  less  coarse  vestigial  matter.  They  form  the 
"fatty"  parts  of  the  bed.  Wlien  the  deeper  water  body  was  restricted,  steady,  and  sufhciently 
stagnant  to  preclude  both  the  inwash  of  considerable  mineral  sediments  and  the  complete 
destruction  of  the  organic  vestiges,  and  the  spore,  pollen,  wax,  and  resin  concentrate  was  there- 
fore low  in  ash  and  comparatively  unstratilied,  the  resultant  "sapropelic  "  deposit  is  canneloid — 
that  is,  it  forms  canneloid  layers  or  lenses — in  the  lignites,  and  these  layers  or  beds,  when  the 
lignites  were  changed  to  coals  of  subbituminous  and  higher  ranks,  became  cannel  coals  and  oil 
rocks,  though  the  latter,  being  generally  formed  in  water  bodies  of  greater  extent  and  sup- 
posedly carrying  innumerable  algse  of  low  orders,  and  containing  more  mineral  matter,  are 
usually  high  in  ash.  The  origin  of  the  cannel  type  of  coal  is,  in  its  essential  features,  the  same 
without  regard  to  the  geologic  age  ot  its  formation  or  the  rank  of  the  fuel,  though  the  mutual 
proportions  of  the  characteristic  components,  exines  and  resins,'  may  vary  from  place  to 
place  and  from  epoch  to  epoch.  The  concentrated  resins  and  the  resinous  and  waxy  exines 
of  the  pollen  and  spores,  variously  mingled  with  microplankton  vegetal  elements,  impart  to 
the  coals  of  the  cannel  and  oil-rock  group  their  liigh  volatile,  high  heating,  and  liigh  illuminating 
cjualities  and  their  tendency  to  fuse,  even  if  they  are  of  low  rank,  the  resins  and  waxes  being 
characteristically  rich  in  hydrogen,  the  element  of  greatest  calorific  value,  and  relatively  low 
in  oxygen,  the  great  heat  neutralizer  ^  in  coals.  The  canneloid  coal  is  high  in  volatile  matter 
merely  because  its  component  plant  remains  or  products  are  not  only  high  in  volatile  but 
resistantly  so. 

The  relative  percentages  of  hydrogen  and  oxygen  in  the  waxes  and  resins,  as  compared 
with  the  percentages  of  those  elements  in  wood,  peat,  and  lignite,  are  shown  in  the  following 

table:  =* 

Aitalyses  of  wood,  resin,  coals,  etc. 


0. 

H. 

0. 

N. 

Avan- 
able  hy- 
drogen. 

H:0. 

49.31 
55.60 
56.46 
74.86 
78.61 
80.33 
82.91 
87.52 
91.62 
84.52 
84.56 

6.29 
6.48 
5.48 
5.32 
9.52 

13.07 
5.70 
5.26 
4.85 
7.67 

10.99 

0  44.20 
36.43 
138.06 
18.51 
11.77 
6.6 
9.90 
7.22 
2.32 
7.81 
04.45 

(-) 
1.44 
(<■) 
1.31 

■"i.lg' 
"i.'ii' 

0.77+ 

1.93 
.73+ 

3.01 

8.05 
12.25 

4.46 

4.36 

4.56 

6.69 
10. 43+ 

0.14+ 

.18 

.29 

.81 

6.  Wax 

1.98 

.58 

.73 

2.09 

.98 

2.46+ 

o  Nitrogen  included  with  oxygen. 

1.  Petersen  and  Schadler,  Liebig's  Annalen,  vol.  17,  p.  179, 1836.    Average  of  24  woods. 

2.  Roth,  Justus,  .\llgemeine  una  chemische  Geologie,  vol.  2,  p.  642.    Average  of  10  analyses. 

3.  Kaufmann  F.  G.,  K.-k.  geol.  Reichsanstalt  Jahrb.,  vol.  15,  p.  283,  1885. 

4.  Clarice  F.  \V.,  The  data  of  geochemistry,  2d  ed.:  U.  S.  Geol.  Survey  Bull.  491,  p.  714, 1911.    Average  of  10  analyses. 

5.  Gies,  W.  J.,  Science,  vol.  25,  1897,  p.  462.    Resin,  Amboy  (Cretaceous)  clays,  Staten  Island,  New  Yorls. 

6.  Comuba  wax. 

7.  Clarke,  F.  W.,  op.  cit.,  p.  718.    Average  of  40  analyses  of  coals  from  Ohio,  Indiana,  Illinois,  Iowa,  and  Missouri. 

8.  Bureau  of  Mines  Bull.  22,  Upper  Cretaceous  coal,  coking  cial,  SoprLs,  Colo.    FLxed  carbon  (in  "pure  coal"),  62.3  percent. 

9.  Idem,  Pocahontas  coal,  Elkhom,  W.  Va.    Fixed  carbon  (in  "pure  coal"),  85.75  per  cent. 

10.  Idem,  Lesley,  Johnson  Coimty,  Ky.    Cannel  coal. 

It  will  readily  be  seen  that  the  presence  of  resins  and  spore  and  pollen  exines  must  have 
its  effect  on  all  coals,  the  result  being  more  conspicuous  when  the  proportion  of  cannel-forming 
elements  is  greater.  A  high  hj'drogen-oxygen  ratio  ( "  pure  coal ' '  basis)  in  a  coal  below  the  semi- 
anthracite  rank  is  to  be  regarded  as  indicating  a  more  distinctly  "bitummous"  type  of  coal, 
for  the  bitumens  are  especially  characterized  by  their  very  high  hydrogen  and  their  correspond- 
ingly low  oxygen  content.  In  the  latter  respect  certain  waxes  approach  the  bitumens  even 
more  closely  than  do  the  resins,  as  is  indicated  by  the  wax  analysis  in  the  table.  In  this 
connection  mention  should  be  made  of  Hatchett's  conclusions,^  reached  in  1804,  that  the  resins 
and  waxes  were  the  sources  of  the  bituminous  quahty  in  coals. 

1  The  term  "resins"  is  here  used  in  the  broad  sense,  though  in  the  descriptions  of  fossil  specimens  on  later  pages  it  signifies  the  characteristic 
"rosin "-like  and  amber-Uke  resins. 

2  See  White,  David,  The  effect  of  oxygen  in  coal:  U.  S.  Geol.  Survey  Bull.  382,  1909;  Bureau  of  Mines  Bull.  29,  1911. 

'  A  larger  series  of  ultimate  analyses  of  coals  of  varying  ranks  may  be  found  for  comparison  in  the  bulletins  just  cited  and  In  Bureau  of  Mines 
Bull.  22. 

<  Hatchett,  Charles,  Roy.  Soc.  London  PhUos.  Trans.,  1804,  p.  385;  1806,  p.  109. 
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THE   OBLITERATION   OF  THE  RESINS. 

It  has  been  urged  elsewhere  '■  that  it  is  important  when  discussing  the  origin  of  coal  to 
recognize  the  operation  of  two  great  and  fundamentally  distinct  processes  or  stages.  The  first 
process  is  the  biochemical,  which  accomphshes  the  transformation  of  miscellaneous  vegetal 
debris  mto  peat.  The  second  process,  which  follows  or  perhaps  shghtly  overlaps  the  first, 
antedating  the  complete  cessation  of  anaerobic  bacterial  action,  is  dynamo-chemical.  Both 
processes  are  complex.  Through  the  action  of  the  dynamo-chemical  agencies,  apparently 
mitiated  and  dominated  in  general  by  pressure  but  sometimes  immediately  controlled  by 
contact-metamorpliic  heat,  the  peats  have  been  transformed  to  lignites  and  coals  of  all  higher 
ranks,  bemg  compressed,  dehydrated,  hthified,  and  partly  devolatilized — that  is,  distilled.  The 
progressive  loss  of  volatile  matter,  which  is  still  going  on  in  most  coals,  is  marked  in  particular 
hj  the  elimination  of  oxygen  in  amounts  relatively  so  much  greater  than  the  accompanying 
losses  of  carbon  and  hydrogen  as  to  accomphsh,  in  effect,  a  concentration  of  these  two  great 
fuel-producing  elements  that  becomes  more  and  more  noticeable  until  the  fuel  approaches  the 
anthracitic  rank.  The  elimination  of  the  oxygen  permits  a  most  important  increase  of  the 
calorific  value  of  the  coal.  The  physical  changes  accompanymg  the  dynamo-chemical  process — 
that  is,  the  effects  of  the  pressure  metamorphism — are  found  in  the  deformation  of  the  plant 
remams,  and  the  darkened  color,  reduction  in  volume,  and  increase  of  luster,  jointing,  friabihty, 
and  even  schistosity  in  the  coal,  as  well  as  of  cleavage  and  silicification  in  the  surrounding 
strata. 

The  progress  of  the  dynamo-chemical  process  is  most  conveniently  gaged  by  the  extent 
of  the  devolatihzation  (carbonization)  of  the  fuel,  as  somewhat  crudely  determined  by  the 
conventional  method  of  "approximate  analysis"  of  the  coal,  the  result  being  expressed  in  the 
ratios  of  the  fixed  carbon  and  volatile  matter.  Neither  the  initial  organic  chemical  compounds 
nor  those  actually  existing  in  any  coal  are  fully  known.  The  end  product  of  the  dynamo- 
chemical  process  is  the  approximate  elimmation  of  the  volatile  matter,  the  residue  being 
graphite  or,  under  conditions  of  intrusive  contact,  coke. 

In  the  progressive  transformation  of  peats,  Ugnites,  and  subbituminous  coals  to  fuels  of 
higher  rank,  what  becomes  of  the  resins  and  waxes  ?  For  the  answer  to  this  question  we  are 
compelled,  for  the  present,  to  depend  largely  on  optical  evidence. 

The  following  observations  relate,  fu-st,  to  the  disappearance  of  the  resins  m  the  trans- 
formation of  the  Cretaceous  and  Tertiary  coals.  Later  the  question  of  the  presence  of  resins 
in  the  coals  of  Paleozoic  age  will  be  considered. 

Lump  resins  in  widely  varying  amounts  were  found  in  aU  the  ligmtes  and  subbituminous 
coals  exammed,  though  in  many  coals  the  pieces  were  very  small.  This  is  true  of  the  xyloid 
lignites  in  the  Fort  Union  Tertiary  of  North  Dakota  and  Montana,  the  Cretaceous  lignites  of 
the  Atlantic  Coastal  Plain,  the  Tertiary  lignites  of  Arkansas  and  Texas,  the  subbituminous 
coals  of  the  Cretaceous  in  the  Denver  Basin  and  in  the  Gallup  district.  New  Mexico,  the  Eocene 
coals  of  the  Cascade  region  of  Washmgton,  and  the  Cretaceous  coals  of  the  Hanna  district 
of  Wyoming.  In  all  the  coals  of  the  Ugmtic  and  subbituminous  ranks  the  resins  have  been 
found  to  retain  the  ordinary  resin  color,  and  apparently  then-  other  physical  characteristics, 
although  in  some  of  the  subbituminous  coals  the  lumps  show  unmistakable  effects  of  pressure, 
which  has  distorted  them  and  here  and  there  partly  squeezed  them  into  the  joints  of  the  bed. 
It  is  not  probable,  however,  that  the  resins  of  these  coals  have  remained  wholly  without  chemical 
change  from  their  original  composition,  notwithstanding  their  typically  resinous  appearance. 

In  the  higher-rank  coals — that  is,  in  tliose  gradmg  tlirough  the  lower  bituminous  ranks — 
the  resins  are  fomid  to  have  changed  very  greatly,  having  evidently  undergone  both  physical 
and  chemical  alteration.  Tins  is  shown  in  general,  fii-st,  by  the  darkening  of  the  color  to  a 
smoky  brown;  later,  by  the  further  blackemng,  cracklmg,  and  slmnkage  of  the  lumps,  which 
at  a  still  later  stage  appear  to  be  reduced  to  dark  browTiish-black  spongy  or  granular  residues, 
and  still  later,  if  the  observations  are  correct,  to  atliin,  fine,  powtlery  black  scale.     The  last  state 

I  White,  David,  Econ.  Geology,  vol.  3,  No.  4,  p.  303, 1908;  U.  S.  Geo).  Survey  Bull.  3S2,  p.  62, 1909. 
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is  difficult  of  recognition,  and  its  correlation  with  the  resin  lumps  is  not  without  question. 
This  change  of  the  resms,  which  constitutes  in  effect  a  reduction  (carbonization)  of  the  sub- 
stance, appears  to  have  proceeded  rapidly  at  a  stage  less  than  midway  in  the  progress  of  the 
coals  through  the  bituminous  rank. 

The  behavior  of  the  resins  in  the  coals  that  are  tmdergoing  the  somewhat  advanced  stages 
of  dynamo-chemical  alteration  is  suggestive  of  the  action  of  recent  resins  when  heated.  In 
the  highest  ranks  of  the  bituminous  coals  the  resins  are  no  longer  recogniz,able  as  such  to  the 
imaided  eye,  and  the  identification  of  their  residues  in  these  fuels  is  at  the  present  time 
wholly  imcertain.  They  seem  to  have  been  practically  obliterated,  and  the  phenomena  of  then- 
disappearance  strongly  suggest  a  mode  of  devolatilization  imder  conditions  favoring  the  retention 
of  at  least  a  part  of  their  carbon  in  the  coal.  It  is  probably  safe  to  infer  that  m  the  reduction 
of  the  resm,  as  well  as  in  that  of  the  other  plant  materials,  the  losses  of  oxygen  are  dispropor- 
tionately large.  The  reiluction  of  the  resins  appears  to  be  coincident  with  a  corresponding 
comparatively  rapid  deoxygenation  of  the  coals  themselves. 

Without  giving  detailed  observations  regarding  the  fuels  in  the  various  ccal  fields,  I  will 
mention  only  a  number  of  somewhat  t3^ical  localities,  where  the  successive  stages  in  the 
alteration  of  resin  may  be  well  seen  in  the  corresponding  successive  ranks  of  coal.  It  is  under- 
stood that  the  "resins"  here  meant  are  the  ordinary  "rosin"-like  or  amber-like  lumps.  The 
rank  of  the  coal  will  be,  in  a  general  way,  shown  by  the  accompanying  percentage  number, 
which  indicates  approximately  the  fixed  carbon  of  the  coal  on  the  "pm"e  coal"  basis  (ash, 
moisture,  and  sulphm-  free).^  There  is  some  variance  in  the  degree  of  alteration  in  the  resins 
at  some  ihines  and  localities,  just  as  there  is  variance  (perhaps  mutually  corresponding)  m  the 
percentage  of  fixed  carbon  at  the  same  points.  These  variations  may  be  due  to  local  differences 
in  the  stresses,  to  the  advantageous  position  of  the  fuel  at  a  certain  point  with  reference  to  a 
fold,  or  even  to  the  comparative  resistance  of  the  enveloping  strata.  The  coals  here  discussed 
are  all  of  Cretaceous  or  Tertiary  age. 

Among  the  subbituminous  coals,  in  which  the  resins,  though  retaining  their  colors  and 
general  physical  featiu-es,  are  more  or  less  squeezed  uito  the  jomts,  especially  in  folded  regions, 
mention  may  be  made  of  the  coals  at  Gallup,  N.  Mex.;  Lafayette,  Colo.;  Renton  and  Centralia, 
Wash. ;  Red  Lodge,  M(int. ;  and  the  Sheridan  and  Hamaa  districts,  Wyo. 

In  the  low-rank  bituminous  coals  the  results  of  the  djniamic  influences  are  more  evident, 
though  there  is  but  little  visible  evidence  other  than  more  advanced  deformation  and  local 
discoloration.  Thus  the  resins  are  generally  more  apt  to  be  squeezed  into  the  jomts  or  along 
the  beddmg  planes,  in  some  places  spreading  out  in  large  tliin  scales,  although  most  of  the 
lumps  seem  to  retain  their  characteristic  resinous  aspect,  in  the  low-rank  bituminous  coals  of 
the  Canon  City  field,  Colo,  (for  example.  Coal  Creek,  Radiant,  or  Fremont,  averaging  about 
56  per  cent  fixed  carbon);  Shumway  (55),  Strong  (56),  Pictou  and  Walsenbui'g  (58),  m  the 
Trinidad  field,  Colo.;  Roslyn,  Wash.  (58);  and  New  Castle  (58),  South  Canyon  (58),  Black 
Diamond  (59),  and  Sunlight  (59),  in  the  Glenwood  Springs  field,  Colo.  In  some  of  these  coals 
the  lumps  and  scales  of  resin  are  in  places  turned  more  or  less  smoky  brownish. 

In  the  bituminous  coals  of  shghtly  higher  rank  (fixed  carbon  averagmg  60  per  cent  or  a 
little  higher)  the  resin  lumps  are  not  only  deformed,  being  mostly  flattened  out  as  thin  scales 
in  the  joints  and  bedding  planes,  but  they  have  generally  become  of  a  dark  sooty-brown  color, 
most  of  them  being  more  or  less  completely  reduced  to  a  brownish-black  granular  residue  and 
some  apparently  to  a  mere  black  powdery  film.  The  transitional  stages  from  the  smoky-brown  or 
lighter-colored  ^^treous,  conchoidal,  semitransparent,  and  sometimes  crackled  lumps  and  scales  to 
the  reduced  granular  carbonaceous  residues  appear  to  be  complete  and  abundantly  illustrated. 
Examples  of  tliis  later  stage  are  fomid  at  Durango  (Porter's),  Colo.  (61);  the  C.  F.  &  I.  mine  at 
Crested  Butte,  Colo.  (62) ;  Carbonado,  Wash.  (62) ;  Van  Houten,  N.  Mex.  (61) ;  and  Gulch,  Colo.  (63). 
In  the  coals  of  this  rank  (61  to  63  per  cent  fixed  carbon  in  "pure  coal")  lumps  retaining  even 

'  These  percentages,  while  probably  fairly  representative,  are  not  to  be  regarded  as  showing  with  accuracy  the  average  fixed  carbon  in  the 
coal  at  the  point  mentioned.  More  exact  estimates  of  the  average  percentages  may  be  gained  from  the  examination  of  the  tables  of  analyses 
contained  in  Bulletin  22  of  the  Bureau  of  Mines. 


KESINS    IX    PALEOZOIC    PLANTS   AND   IN    COALS    OF    HIGH    RANK.  71 

iu  part  the  typical  resin  aspect  are  rarely  to  be  found,  though  the  very  dark  smoky-brown  and 
largely  reduced  phases  verging  into  the  granular  carbonaceous  residues  are  seen  at  most  of 
the  localities  mentioned. 

In  coals  of  a  still  liigher  rank  the  resins  are  apparently  obUterated  and  no  longer  recog- 
nizable to  the  unaided  eye.  Tliis  is  illustrated  in  the  high-rank  bitummous  coals  of  Eocene 
age  at  Fairfax,  Wa^h.  (74);  the  Upper  Cretaceous  coal  at  Coal  Basm,  Colo.  (76);  the  Eocene 
coal  at  Montezuma,  Wash.  (82);  and  the  anthracites  north  of  Crested  Butte  and  at  Floresta, 
Colo.  In  fact,  I  do  not  recall  observing  any  material  retauiing  megascopic  resinous  secretions 
in  the  high-rank  bituminous  coals  (65  to  6S  per  cent  fixed  carbon)  in  the  vi(;inity  of  Trinidad, 
Colo.  (Sopiis,  Starkville,  Cokedale,  and  Engleville),  though  carbonaceous  traces,  probably  cor- 
rectly identified  as  resm  residues,  are  present.  Fragments  may,  however,  rarely  be  present  here, 
especially  in  "bony"  layers  of  the  coal  beds. 

In  certain  of  the  coal  fields  where  the  alteration  of  the  coals  is  regional  the  disappearance 
of  the  resin  may  be  noticed  in  a  restricted  area,  and  even  in  a  single  very  restricted  coal  group 
or  possibly  in  a  single  bed,  as,  for  example,  in  the  Trinidad- Walsenburg-Raton  field.  In  the 
Walsenburg  district,  at  the  northern  end  of  this  field,  the  low-rank  bituminous  coals  of  Upper 
Cretaceous  age  contain  abundant  resins,  generally  preservuig  their  physical  characteristics, 
though  locall)^  squeezed,  but  farther  south  along  the  same  strata  the  resins  are  badly  altered 
or  apparently  much  reduced  in  the  area  of  low-rank  coking  coal  reached  at  Ilastuigs  and  Ber- 
wind,  about  haKway  to  Truiidad,  while  still  farther  south,  in  the  vicmity  of  Trinidad,  the  resms 
in  the  same  coals  are  practically  obUterated,  the  carbonaceous  residues  bemg  seemingly  lost  m 
the  fuiely  jomted,  granular  high-grade  cokhig  coal.  Other  excellent  areas  for  study  are  the 
Glenwood  Sprmgs  coal  fiekl  (also  Upper  Cretaceous)  and  the  \icinity  of  Crested  Butte,  both  in 
Colorado,  where  the  I'egional  differences  in  the  fixed  carbon  are  strongly  marked,  i^jiother  good 
region  for  observation  is  offered  by  the  Tertiary  coal  areas  of  the  Cascade  field,  in  Washington. 

My  observations  are  less  complete  than  is  desu-able  and  need  confirmation.  This  may 
easily  be  accomplished  by  persistent  and  close  field  exanunation,  wliich  should  take  particu- 
larly into  view  also  the  precise  stages  of  resin  reduction  corresponding  to  the  respective  stages 
of  alteration  m  the  coals  themselves.  However,  the  data  now  m  baud  appear  to  show  that 
when  the  ordinary  types  (humic)  of  bituminous  coals  approach  a  rank  roughly  indicated  by 
the  development  of  59  or  60  per  cent  of  fixed  carbon  ("pure  coal"  basis),  the  megascopic  resms 
contahied  therein  reach  a  critical  point,  at  wliich  they  begin  rapidly  to  lose  their  resmous  aspect 
and  suffer  reduction;  and  that  before  the  coal  has  been  carried  by  the  djniamo-chemical  process 
to  65  per  cent  fixed  carbon  the  resm  darkens,  crackles,  and  shrivels,  losmg  its  characteristic 
features  and  apparently  becoming  reduced  to  a  small  coaly  residue. 

The  period  of  marked  alteration  and  reduction  (carbonization)  of  the  normal  megascopic 
resins  in  the  coals  of  Cretaceous  and  Tertiary  age  seems  in  general  to  comcide  with  that  point 
in  the  devolatihzation  of  the  fuels  wliich  leads  (other  things  bemg  equal)  to  the  development 
of  the  quaUties  essential  to  the  production  of  high-standard  commercial  coke. 

Wliether  the  microscopic  particles  of  resin  still  contained  in  the  cells  and  canals  of  the 
plant  or  strewni  about,  freed  by  the  decay  of  the  surroundhig  tissues,  on  the  ancient  peat  and 
mud  layers  have  simultaneously  undergone  the  same  alteration  and  reduction  as  is  observed 
in  the  readily  visible  lumps  is  yet  to  be  determined  by  microscopical  exanunation.  It  seems, 
however,  fairly  safe  to  assume  that  the  internal  resin  secretions  of  the  plants,  wliich  presum- 
ably are  chemically  identical  with  the  wound  resins,  have  similarly  and  contemporaneously 
suffered  reduction  and  carbonization. 

The  typical  coking  quahty,  once  developed,  contmues  untU  the  coal  is  carried  approxi- 
mately to  the  semianthracite  rank,  or,  apparentlj-,  as  long  as  sufficient  volatile  carbon  and 
hydrogen  remain  m  the  fuel.  Wliether  resms  of  any  kind  or  any  aUied  substances  survive 
durmg  this  period  remauis  to  ])e  determined.  Theu-  persistence,  except  as  coalified  residues, 
through  the  coak  of  semibituminous  rank  seems  highly  improbable.     In  this  connectiou  it 
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will  be  remembered  that  the  progressive  deoxygenation  of  coals  brought  about  by  the  dynamo- 
chemical  processes  results  iii  the  development  in  the  higher  bituminous  ranks  »  of  hydi-ogen- 
oxygen  ratios  (dry  coal  basis)  similar  to  the  ratios  fomid  ia  the  resius.  As  already  noted, 
the  resins  tend  to  impart  a  high  hydrogen-ox3-gen  ratio  to  the  otherwise  higli-oxygen  coals 
of  the  lower  ranks,  the  highest  ratios  in  these  coals  beuig  found  in  the  caimeloid  types.  In 
the  high-rank  coals  the  high  hydrogen-oxygen  ratio  necessary  for  successful  and  practicable 
coking  is  developed  in  the  process  of  normal  progressive  devolatilization. 

The  period  of  coal  alteration  that  is  marked  by  the  reduction  of  the  resins  appears  to 
comprehend  also  a  "deadening"  of  the  cannel  coals  associated  in  the  same  groups  of  strata, 
as  is  to  be  expected.  The  apparent  lack  of  cannel  coals  retauiing  their  characteristic  cannel 
qualities  in  the  regions  of  semibituminous  and  higher-rank  coals  seems  to  be  due  to  the  reduc- 
tion of  the  resins  and  other  related  canneloid  elements.  Beds  or  lenses,  apparently  deposited 
mider  camiel-forming  conditions  and  probably  once  cannels,  are  present  in  the  regions  of 
semibituminous  and  anthi-acite  coals,  but  though  they  retam  a  semblance  to  their  original 
aspect  and  the  massive  conchoidal  structure  of  cannels  they  have  lost  the  special  caimel  quali- 
ties and  are  now  often  classed  as  "bone."  I  know  of  no  occm-rence  of  typical  cannel  coals 
or  oil  accumulations  in  formations  and  districts  where  the  regional  devolatilization  of  the 
coals  has  brought  the  humic  coals  to  the  rank  characterized  by  70  per  cent  of  fixed  carbon. 

A  question  to  be  determined  by  chemical  investigation  is  whether  the  reduction  or  car- 
bonization (presumably  a  smothered  devolatilization)  of  the  resins  has  not  aided  in  the  deoxy- 
genation of  the  remaining  substance  of  the  coal. 

In  areas  like  the  Cascade  coal  field  of  Washington  or  the  Glenwood  Springs,  Crested  Butte, 
and  Trinidad  fields  in  Colorado,  where  in  passing  from  one  side  of  the  field  to  another  the  coals 
are  found  to  be  progressively  more  and  more  altered  through  the  dynamo-chemical  process, 
there  is  no  evidence  whatever  to  serve  as  the  basis  for  a  belief  that  the  plants  growing  in  the 
district  of  low-rank  coals  differed  essentially  either  in  kinds  or  in  resin  content  from  those  con- 
tributed to  the  original  peat  in  the  district  of  high-rank  coals.  The  coals,  some  of  which  are 
practically  continuous  from  area  to  area,  are  accompanied  by  similarly  formed  underclays, 
mostly  containing  roots  in  place,  are  similarly  layered  in  benches  apparently  similarly  composed, 
and  are  covered  by  shales  or  sandstones  which,  so  far  as  observed,  contain  identical  floras,  thus 
showing  approximate  identity  in  the  conditions  of  deposition  of  the  fuel.  It  also  must  be 
remembered  that  the  high-rank  coals  are  similar  in  their  mechanical  constitution  to  those  of  low 
rank,  containing  fuUy  as  much  woody  matter,  either  in  its  jetlike  condition  of  coalification  or 
as  "mineral  charcoal,"  or,  on  the  other  hand,  fully  as  much  spore  and  vestigial  material  as  the 
lower-rank  coals  in  the  same  formation  and  basin.  The  progressive  reduction  (carbonization) 
of  the  cell  walls,  the  dehydration  of  the  remaining  tissues,  and  the  reduction  of  the  resins  or 
allied  substances  have  naturally  produced  a  decrease  in  the  size  of  the  wood  fragments,  but  it  is 
probable  that  the  other  material  in  the  coal  has  suffered  similar  reduction,  so  that  the  propor- 
tions remain  nearly  the  same.  The  progressively  developed  pressm-e  cleavage,  usually  with 
more  or  less  deformation,  which  on  the  whole  becomes  more  and  more  evident  in  the  more 
highly  altered  coals,  not  only  tends  to  mask  the  texture  of  the  woods,  which  are  at  the  same 
time  slightly  reduced  as  the  result  of  devolatihzatiou,  but  tends  in  particular  to  crush  and  oblit- 
erate the  mineral  charcoal,  which  consequently  contributes  mainly  to  the  dust  and  smut  of  the 
high-rank  coal  when  it  is  mined  and  prepared  for  market.  This  is  true  also  of  the  anthracites 
and  other  high-rank  coals  of  the  Paleozoic  coal  fields. 

The  observations  as  to  the  disappearance  of  the  resins  accord  fully  with  the  theory  of  the 
devolatihzation  (carbonization)  of  the  coals  as  the  result  of  thrust-pressure  metamorphism, 
the  coals  being  most  altered,  except  in  the  vicinity  of  intrusives,  where  the  pressure  has  been 
most  intense  and  longest  sustained,  with  variable  but  increasing  strains. 

1  U.  S.  Geol.  Survey  Bull.  382,  pp.  53,  54, 1909. 
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RESINS  IN  PALEOZOIC  PLANTS  AND   COALS. 

The  preceding  discussion  concerns  mainly  the  coals  of  the  Cretaceous  and  Tertiary  periods, 
in  which  resin-bearing  types  of  vegetation  are  known  to  have  been  abundant,  as  is  shown  by  the 
fossil  remains,  and  which,  wherever  they  have  not  been  too  far  altered  by  the  dynamo-chemical 
process,  are  conclusively  shown  to  contain  resins  of  various  kinds  in  microscopic  deposits  if  not 
in  plainly  visible  aggregations.  We  pass  now  to  the  consideration  of  the  Paleozoic  coals,  in 
which  the  original  occurrence  as  weU  as  the  present  existence  of  resins  has  generally  been  doubted. 

Most  geologists  and  chemists  seem  inchned  to  the  behef  that  the  great  differences  which 
are  ahnost  universally  supposed  to  exist  between  the  Paleozoic  coals  (the  so-called  "stone 
coals"),  on  the  one  hand,  and  the  Tertiary  and  Cretaceous  coals  (generally  taken  for  granted 
to  be  lignites  or  brown  coals),  on  the  other,  are  due  mainly  to  differences  in  the  composition 
of  the  plants  contributed  to  the  formation  of  the  coal  in  each  great  era.  Prominent  if  not  chief 
among  these  assumed  differences  is  the  supposed  absence  of  resins  in  the  coal-forming  vegetation 
of  the  more  ancient  periods.  The  fact  that  in  the  apparent  absence  of  resins  visible  to  the 
unaided  eye  the  Paleozoic  coals  strongly  contrast  with  the  characteristic  low-rank  coals  of  the 
later  epochs,  in  which  resins  are  so  commonly  obvious  or  are  at  least  nearly  always  to  be  found 
if  sought,  has  seemed  strongly  to  support  this  theory.  The  persistent  adherence  to  this  con- 
clusion is,  however,  remarkable  in  view  of  the  woU-known  occm-rences  in  the  younger  formations 
of  whole  areas  and  groups  of  high-rank  coals.  Neither  the  ultimate  nor  the  proximate  analyses 
of  the  high-rank  bituminous  Tertiary  and  Cretaceous  coals  afford  any  criteria  for  a  chemical 
distinction  between  these  coals  and  those  of  the  same  rank  but  of  Paleozoic  age.  This  circum- 
stance harmonizes  with  the  fact,  well  known  to  those  haWng  wide  knowledge  of  coals  of  dif- 
ferent ages,  that  at  least  very  many  specimens  representing  the  higher  ranks  of  Tertiary  or 
Mesozoic  coals  are  indistinguishable,  to  the  unaided  eye,  from  similar  specimens  of  Paleozoic 
coals  of  the  same  rank,  the  identity  of. bedding,  lamination,  jetty  layers,  charcoal  layers,  and 
woody  or  minute  debris  being  so  complete  that  only  by  paleobotanic  examination  can  the  age 
of  the  sample  be  detected.  The  plant  materials  originally  forming  the  high-rank  Cretaceous  and 
Tertiary  coals  were  not  less  resinous-  than  those  entering  the  coals  of  lower  rank  in  the  same 
geologic  group  and  province. 

The  criteria  which  serve  as  the  basis  for  the  belief,  on  purely  paleobotanic  grounds,  that 
resins  and  waxes  were  present  in  the  peat-forming  vegetation  of  the  Carboniferous  period 
may  be  summarized  as  f oUows : 

1.  The  dominant  types  of  the  Carboniferous  vegetation,  such  as  the  Ij^copods,  ferns,  Cala- 
mariales,  Cycadofihces,  and  Cordaitales,  though  mostly  of  lower  orders  than  the  dominant  types 
of  the  Cretaceous  and  Tertiary  coal  fields,  are  hardly  inferior  to  the  latter  in  magnitude  nor  in 
their  highly  developed  organization,  as  is  shown  by  the  anatomical  structure  of  petrified  material 
representmg  many  of  the  forms.  A  great  number  of  the  lycopods,  Cycadofifices,  and  Cala- 
mites  were  not  only  trees  in  size  but  were  also  provided  with  exogenous  woody  trunks  and 
cortical  developments  equaling  in  comphcation  of  structure  the  plants  of  the  present  day.  The 
inference  is  reasonable  and  justifiable  that  the  terrestrial  vascular  plants  growing  under  similar 
envu-omnental  conditions  in  the  different  geologic  epochs  have  been  subject  to  the  same  vital 
principles,  have  carried  on  the  same  functions,  and  have  been  composed  of  similar  plant  com- 
pounds, and  that  they  have  accordingly  contributed  plant  products,  includmg  carbohydrates, 
proteins,  fats,  oils,  waxes,  and  resins,  similar,  if  not  essentially  the  same,  both  in  variety  and  in 
chemical  composition,  in  all  the  epochs  of  great  coal  formation.  Evidence  is  also  found  in  the 
presence  of  secretory  canals  and  cells  in  the  nearest  Uving  relatives  of  the  ancient  plants,  and 
in  the  occurrence  in  certain  cannel  coals  of  microscopic  bodies  which,  though  untested  chemically, 
have  an  aspect  so  resin-hke  as  to  lead  to  their  interpretation  as  probably  resins. 

2.  The  microscopic  studies  earned  on  by  Kenault,  Wilhamson,  Scott,  Zeiller,  Seward,  C.  E. 
Bertrand,  and  others,  of  petrified  fragments  of  Carboniferous  plants,  some  of  which  occur 
sihcified  or  calcified  in  the  midst  of  the  beds  of  coal,  have  revealed  the  presence,  in  most  of  the 
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Carbomforous  vascular  plant  types  of  canals  inrl  ^ollc  fk^t  i,  i, 
though  few  of  them  have  been^^eglrc  ed  "tl  oifideLe  t  '"'  '"  "^terpreted  as  secretory 
have  offered  criteria  decisive  as  to'this  poiTt  Itlfworth  wM^Tn'tr  "l""^"  ""'  """  ^-™  ^^' 
most  important  paleobotanic  data  bealg  on  the  problem  ^    ''  *°  ''''  ^'^^^  °f  t^^^' 

coais^!rn:^;r:;^c::M^^x^:r:ir:^^^^^ 

tory."     The  Stigmaria  are  the  roots  of  Sigillaria  ZX^:^^'^:'^^''''  '  ^^  "^^•^^^- 
to  note  the  presence  of  secretory  cells  Riled  with  .i!  i  ^  ,      ^^'''"^^^^^  "^^eresting 

transpiration  tracts  in  the  cortical  fisues  of  sl 

France.  The  structures  are  regarded  by  Renaul  as  '  Z  "^"^^f  "\*^\P--ian  at  Autun, 
as  "secretory  strands."     Seward  '  notes  the  occlenee^^  f '''^  "  ""'^  ^^  ^^^^^-^ 

outside  of  the  cyhnder  of  secondary  wood  IbralTan  Z  ^^  r'^f'"''  "^  "  ^^'^'^^^^'-^  ^-« 
and  a  certain  amount  of  dark-colored  Z:^:^^:^,  S^wT"  '"'"  '^^•"^'  '^^^'^  ^P^^^' 
products."  In  the  sihcified  material  it  is  perhaD^SnoHl  f '"^^^^^o^S^mzation  and  secreted 
noted  in  these  fossil  lycopods  included  resfns^^'  *'  '^'*'™^*'  "'^''^'^  '^^  residues 

found  ;n^t^r^:r::;:::ji:^,:s^f "  ^^^^-^^  ^ "— ^  "-re- 
part-:^'s:t^^':S:ts:f'rr;:::^::;r^^^^^^ 

tory  structures  have  been  observed  in  maty  tvoef  and'  ^^'T"^  '^'  Marrattiacea^,  secre- 
group;  thus  Scott «  notes  that  in  Lyginod  nc^on  the  be  t  l  ^"}"^"  T'''''  ^^-""gho^t  the 
dark  contents,  probably  representing  somr^nd  of  se-^^^^^  ^™"^'  "'"''  "^*^ 

tissues  of  the  plant."  The  occurrer^e  of  sec'tty  g  ands  al  Z"'"""  '7^"^'  '"^  ^»  *^«  ^^^ 
teristic  of  the  fronds  of  this  genus  In  Ptvchnvfl  p  ^t  the  apices  of  the  spines  is  charac- 
the  cortex  numerous  elongated  cells  mJyZtel!Z^7"T  °""'  "^  '''''■  °"^-  ^y^^'^'^^  oi 
"perhaps  a  gunmiy  substLce."  Th  charact  ^  of  ^^H  "'  ^'^  '"^  ''""'  ^"^'^  ^™"'^  '^-«--. 
make  It  seem  probable  that  these  may  be  rSnTelLs  *'^,!^°^*^"^^"  "^-^erial  later  to  be  described 
bhng  the  gum  canals  of  recent  cycads,"  and  i  tern  ^ted  bv^bT'  "'T°'^  ""'''^  ""^^  ^— 
gum  canals,  are  scattered  throughout  thel^  to  t'^l  tV  f^T^'.    ""^  '^^°"  ^  ^«  P^^^ably 

belonging  to  the  genus  Medullota.  To  thrgen^s  roV  IT'"  °^^'^oth  the  trunks  and  the  petiole, 
later  in  this  paper  as  containing  a  res  nous  ub"  3  f  "^  T"  ""  '^'  P*'*'°^*'^  ^°  ^'  ^'«-"bed 
also  m  the  thick  cortical  tissires  of  Cycadoxy  on  and  fh"  P  '"^  T  "'  '""^^^  '''^'  ^^^  ^"""d 
are  reported  as  abundant  and  lar<.e  in  the  W  1  k  ^TY^"""  *^'P"'  «"''  " S^^  canals" 

sometimes  filled  with  a  brown  substan "  hoiS  ttb"  K^  ''  •^'^'P^^^'l-/"  -1--  they  are 
a  type  close  to  Cordaites,  is  said  by  Wdt  ^Mo  h.  v  ^T  I  "T'  ^^'^'''  Retinodendron, 
-lis"  in  alternating  zones  of  thecortfx  The  CycaXmt'  "i"  """  *"'*^^"  ^"^  "^^^^^^^^ 
fernhke  genera  of  the  Carboniferous   includino-  tJ  .  f!^'^'^   "'^"-^  ^^  t^«   commonest 

teris.  Linopteris,  and  Mariopter  ^  ^europtens,  Alethopteris,  Odontopteris,  C'aUip- 

bodies  resembhng  resins,  and  m'attS^^ 


Op.  cit.,  p.  368.  "  ^^^^  '' -^"'"''  ^'  <l-EPi"ae.  vol.  1,  Flore  fossUe,  pt.  :,  P,.  XXI  ,890 

Op.  cit.,  p.  322.  ' 

Idem,  p.  295,  PI.  LXX,  figs,  land  2. 
Op.  cit.,  pp.  43J,  437 


"Renault,  Bernard,  op  cit    PI  T  xvttt  «      „      , 

»  Idem.  PI.  LXXvh,  fi,rin. ,.  \f         '    «'■  '  '""^  "'  P'  ^^■ 

gs.  6,  7;  PI.  LVI,  flgs.  6,  7;  p.  91. 


,  iJ       '  ^!'  ""^^  '  "'  °«^'  I".  13,  14. 
Idem,  PI.  XLVII,  figs.  2,  3;  PI.  XLVIII,  flg.  2;  P,.  lv,  , 


KESINS   IN   PALEOZOIC    PLANTS   AND   IN    COALS   OF    HIGH   BANK.  75 

fleshy  coats  of  the  seeds  of  Cordaites  are  provided  with  canals  which  have  been  supposed  to  be 
intended  for  the  storage  of  guna  or  tannin,  and  the  parenchyma  of  the  primary  cortex  of  the 
trunks  of  the  tree  is  said  to  envelop  secretory  sacs. 

Mention  should  be  made  of  the  large  canals  and  reservoirs  and  of  unequal  rounded  granular 
bodies  in  the  cortex  of  Hapaloxylon;  of  supposed  gum  cells  near  the  nerve  strands  in  Calamo- 
dendron  and  Dolerophyllum ;  and  particularly  of  the  occurrence  of  wood  cells  containing  products 
regarded  by  Renault  '■  as  resinous,  and  of  groups  of  cells  fuU  of  "resin"  in  the  large  pith  of  the 
stems  of  Cedroxylon. 

Finally  it  is  important  to  note  the  occurrence,  as  described  by  both  Renault  ^  and  Zeiller,^ 
•f  numerous  "gum  tubes"  filled  with  dark  residues,  associated  with  the  sclerenchymatous  hypo- 
dermal  strands  of  the  petioles  known  as  ilyelopteris  and  Myeloxylon.  The  suggestion  that  these 
canals  are  possibly  resin-bearing  appears  to  be  fully  justified,  as  -n-ill  be  pomted  out  in  the  descrip- 
tion of  carbonized  remains  from  Montana,  possibly  belonging  to  the  same  genus.  Before 
passing  from  the  subject,  it  should  be  noted  that  the  spore  exines  of  the  Paleozoic  pteridophytes 
are  generally  believed,  for  good  reasons,  to  have  been  protected  by  waxy,  resinous,  or  gummy 
coverings  like  those  of  their  Uving  successors. 

Many  of  the  structures  noted  above  are  very  likely  mucilage  or  gum  receptacles,  but  it  is 
highly  probable  that  some,  at  least,  of  the  types  were  resin-secreting,  and  there  is  httle  doubt 
that  they  would  have  been  so  interpreted  by  paleobotanists  had  the  occurrence  of  lump  resins 
in  the  Carboniferous  coals  been  fully  recognized. 

For  man3'  years  I  have  observed  in  most  of  the  Paleozoic  coals  of  Snoderate  or  low  bitu- 
minous rank  the  presence  of  great  numbers  of  slender,  rigid,  glossy,  cylindrical,  needle-hke 
rods  of  varying  sizes,  longitudinally  embedded  in  very  many  of  the  fraglnents  of  mineral  char- 
coal ("mother  of  coal").  Such  carbonized  fragments  of  wood  are  especially  abundant  in  the 
Carboniferous  coals  of  the  interior  basins,  in  places  forming  layers  of  considerable  thickness. 
The  slender  rods,  varying  in  diameter  apparently  according  to  the  kind  of  tree,  protrude  from 
the  macerated  edges  of  the  wood  like  the  ends  of  broken  needles.  When  examined  closely 
they  are  found  to  be  discontinuous.  (See  PI.  XI,  fig.  4.)  Even  when  the  surrounding  tracheids 
or  wood  cells  did  not  completely  decay  away  during  the  process  of  peat  formation  so  as  to 
expose  them  or  leave  them  isolated,  the  coUapse  and  reduction  of  the  wood  when  partly  mac- 
erated and  under  pressure  was  so  complete  and  the  wasted  cell  walls  are  so  closely  flattened 
that  the  slender  parallel  rods  prothice  ridges  where  thej"  lie  near  the  surface  of  the  "charcoal" 
fragments,  which  are  usually  reduced  to  a  thin  scale. 

A  typical  example  of  a  fragment  of  a  compressed  stem  preserved  as  "mineral  charcoal," 
from  coal  "No.  2,"  near  Gerlaw,  in  western  Illinois,  is  shown  in  "figure  1,  Plate  IX.  This  frag- 
ment, wliich  is  split  along  the  bedding  plane,  is  but  a  portion  of  large  piece  of  carbonized 
wood  over  2  feet  in  length  and  several  inches  in  width,  Ijnng  in  the  midst  of  a  well-laminated 
coal.  Under  the  lens  the  very  slender  needle-like  or  rodlike  casts  are  seen  lying  on  or  partly 
freed  in  the  longitudinal  grain  of  the  wood.  Many  of  the  casts  come  very  obhquely  to  the 
surface,  and  some  are  exposed  for  long  distances.  Others  appear  only  as  ridges  in  the  "char- 
coal" scale  to  which  the  surrounding  collapsed,  softened,  and  wasted  woody  tissues  were  reduced. 
Numerous  broken  fragments  of  isolated  casts  lie  strewn  among  vestiges  of  cuticles  and  other 
comminuted  vegetal  debris  on  the  right,  as  may  clearly  be  seen  under  the  lens.  A  clearer 
presentation  of  the  needle-hke  rods  contained  in  this  fragment  of  flattened  carbonized  wood 
is  given  in  the  four  times  enlarged  figure  of  a  portion  of  the  same  specimen  (PI.  XI,  fig.  4). 
In  the  inspection  of  tliis  and  the  other  figured  examples  of  a  common  type  of  mineral  charcoal 
the  following  points  should  be  noted:  (1)  The  needle-hke  rods  lie  in  then-  original  position  in 
and  parallel  to  the  grain  (tracheids)  of  the  log;  (2)  they  were  hard  and  terete  before  the  partial 
maceration  of  the  surrounding  wood  cells,  or,  conversely,  the  tracheids  coUapsed  and  rotted 
away,  while  the  rods  were  hard  and  resistant  to  pressure;  (3)  they  were  resistant  to  the  bio- 

i  Op.  cit.,  p.  368. 

2  Renault,  Bernard,  Acad.  sci.  Paris  M^m.  sav.  Strang.,  vol.  22,  No.  10,  p.  17,  PI.  V,  fig.  40,  IS75. 

3  Op.  cit.,  p.  284,  PI.  XXVII. 
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chemical  agencies  of  decay,  which  liberated  great  numbers  of  them  to  be  washed  or  strewn 
about  on  the  mud  or  peat  surfaces;  and  (4)  they  appear  to  have  largely  retained  their  form 
and  then-  rigid  though  fragile  character,  while  the  peat  has  been  altered  by  the  djniamo-chemical 
process  to  coal  of  bitummous  rank.  These  features  leave  no  room  for  doubt  that  the  rods 
are  in  fact  but  the  casts  or  fiUings  of  canals  longitudinally  traversmg  the  tissues  of  the  woods 
and  petioles  of  some  of  the  coal-forming  plants.  Their  rigidity  when  existmg  m  the  fresh 
vegetation  points  to  their  nature  as  hard,  brittle  resins,  gums,  or  waxes,  but  their  resistance  to 
the  agents  of  decay  and  to  the  dynamic  action  argues  agamst  the  mterpretation  of  them  as 
gums,  while  their  mode  of  occurrence  in  interiial  canals  points  most  strongly  to  their  being 
resins  mstead  of  waxes. 

The  aspect  and  mode  of  occurreiice  of  the  fragments  of  carbonized  wood  ("mineral  charcoal") 
so  common  on  the  bedding  planes  of  coal  is  well  shown  in  the  piece  of  bituminous  coal  from 
the  midst  of  the  bed  mined  near  Exeter,  111.,  illustrated  m  figure  2,  Plate  IX.  In  this  fragment, 
a  part  of  whicli  is  shown  enlarged  four  diameters  in  Plate  X,  the  vessel  casts,  though  of  a  type 
more  slender  than  in  the  other  specimen,  are  distmct.  In  some  of  the  "charcoal"'  fragments, 
hke  that  in  the  upper  left  corner  of  the  photograph,  which  nearly  cover  the  beddmg  plane 
of  the  specimen,  the  fracture  is  closely  parallel  to  the  gram;  but  several  of  the  other  pieces  are 
either  macerated  or  abraded  obhquely  to  the  grain,  so  that  the  vessel  casts  protrude  from  the 
worn  ends.  It  will  be  noticed  further  that  many  segments  of  the  casts,  completely  released 
by  decay  of  the  wood,  lie  scattered  here  and  there  like  fragments  of  broken  needles.  Some  of 
them  are  but  slightly  moved  from  then-  origmal  attitude  as  they  were  left  by  the  decay  of  the 
surroundmg  tissues.  Most  of  the  large  wood  fragments  on  this  piece  of  coal  contain  the  needle- 
like vessel  casts,  though  vestiges  of  wood  in  which  none  are  seen  are  also  present  here,  as  in 
very  many  specimens  and  in  most  coals.  It  is  probable  that  in  the  older  peat  swamps,  just 
as  in  those  of  to-day,  the  resinous  woods  were  more  resistant  to  decay  than  .the  other  types 
and  therefore  more  likely  to  escape  decomposition. 

Many  specimens  are  found  in  which  the  decay  of  the  wood  has  been  practically  complete, 
so  as  to  free  the  casts  entirely.  A  good  example  of  such  isolated  and  broken  casts  is  shown 
in  figure  3,  Plate  IX,-  and  four  times  enlarged  in  Plate  XII.  In  this  fragment,  from  a  thin 
bony  layer  in  the  coal  at  Colchester,  111.,  the  rods  are  mmgled  with  comparatively  small  num- 
bers of  large  megaspore  exines,  minute  fragments  of  cuticles,  and  scattered  remams  of  the 
resinous  or  waxy,  very  resistant  envelopes  of  certain  seeds,  particularly  Cardiocarpon,  two 
of  which  are  present  on  the  fragment  illustrated.  The  casts,  which  vary  in  diameter  and 
probably  belong  to  several  species  of  plants,  at  first  glance  suggest  sponge  spicules,  but  their 
ready  combustibility  betra3's  their  vegetal  origin.  The  specimen  illustrated,  which  is  about 
a  quarter  of  an  inch  in  thickness,  is  somewhat  minutely  laminated,  some  of  the  laminsi?  con- 
tainmg  extremely  thm  layers  of  nearly  amorphous  carbonaceous  sUt.  Between  some  of  these 
laminae  are  thin  lenses  and  streaks  of  jetlike  wood,  all  very  much  flattened.  The  layer  here 
represented  contains,  as  already  explained  (p.  68),  much  cannel-forming  material,  though  the 
lamination  with  fine  mineral  sediment  and  stems  gives  it  a  "bon}'"  character. 

Carbonized  wood  fragments  containing  terete,  brittle,  decaj'-resistant  vessel  fillings,  such 
as  those  shown  in  the  accompanying  plates,  are  abundant  in  most  Paleozoic  coals,  at  least 
in  the  interior  basins  of  the  United  States,  except  where  they  are  too  far  altered  by  dynamo- 
chemical  agencies.  A  slight  curvation  sometimes  noted  possibly  indicates  a  degi-ee  of  elasticity 
or  toughness  in  the  original  substance,  but  a  degree  of  fragility  in  these  fillings  is  shown  by 
the  ready  fracture  of  the  casts  isolated  by  the  decay  of  the  rest  of  the  tissues  in  the  waters  of 
the  peat-forming  swamp.  That  the  contents  of  the  canals  were  hard  and  round  when  the  fresh 
wood  fell  to  the  surface  of  the  swamp  is  shown  by  the  maintenance  of  their  tereteness  while 
the  surrounding  tissues  were  undergoing  maceration  and  deformation  in  the  peat.  Their  free 
combustion,  apparently  with  high  volatUe  matter,  plainly  shows  that  they  were  not  produced 
by  occupation  of  the  vessels  by  fine  silts  or  other  inoi'ganic  mineral  matter.     Their  hardness 

'  In  another  place  (Bureau  of  Mines  Bull.  3S,  1913)  I  urge  that  these  "mineral  charcoal"  fragment's  are  not  cinders  nor  fragments,  charred  by 
burning  at  the  surface  of  the  swamp. 
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and  moderate  rigidity  at  the  time  the  woods  decayed  show,  on  the  other  hand,  that  they  can 
not  be  merely  hardened  organic  solutions  occupying  the  canals  after  the  woods  became  im- 
mersed in  the  swamp;  otherwise  they  would  have  suffered  deformation  or  perhaps  would  have 
again  entered  solution  when  freed  from  the  rotting  tissue.  The  waste  of  the  cell  walls  on 
account  of  chemical  reduction  and  the  collapse  of  the  partly  macerated  ceUs  under  pressure  to 
a  thickness  of  one-fifth  to  one-fifteenth,  or  possibly  less,  of  their  original  diameter  bring  the  rods 
mto  prominence,  even  where  they  are  not  actuaDy  exposed  at  the  surface  of  the  carbonized 
wood,  now  generally  reduced  to  a  thin  scale.  In  this  way  the  cast  material  is  effectually 
concentrated. 

A  close  examination  of  the  casts  under  low  magnification  shows  that  they  resemble  very 
dark  brown  or  slightly  orange-brown  vulcanized  rubber,  the  fracture  being  conchoidal  and 
somewhat  vitreous.  Under  stronger  magnification  the  casts  are  found  to  be  composed  of  an 
orange-russet  or  more  or  less  yellowish  semitranslucent  substance.  Cross  sections,  rounded  or 
oval  in  form,  of  amber-like  substance,  smiilar  to  and  probably  identical  with  those  composing 
the  casts,  are  to  be  observed  in  thinly  ground  sections  of  coals  from  the  same  group,  prepared 
and  described  by  Thiessen,'  and  are  regarded  by  him  as  probably  transverse  or  oblique  sections 
of  resin  vessel  casts. 

The  cannel  coals  from  the  basal  coal  measures  of  Missouri  and  from  the  upper  Pottsville 
in  eastern  Kentucky,  examined  by  Thiesscn,  contam,  in  addition  to  the  usual  varied  spore 
exines,  numerous  small  irregular  lumps  of  highly  refractive  substances  slightly  varyuig  in  their 
orange  or  yellow  tones,  which  are  interpreted  by  him,  rightly,  I  believe,  as  resins.  It  will  also 
be  noted  that  in  a  recent  important  paper  on  the  explosive  elements  in  coals  James  Lomax  ^ 
has  described  the  occurrence  of  several  microscopic  bodies  which,  on  account  of  theh  form  and 
aspect,  he  regards  as  resins. 

As  in  the  Cretaceous  and  Tertiary  coals  the  resins  have  persisted  in  form  recognizable  as 
resins  until  the  coals  have  advanced  some  distance  into  the  bituminous  rank,  it  follows  that 
remains  of  resins,  if  they  were  ever  present  and  if  they  were  similarly  resistant  to  the  biochemical 
agencies  of  coal  formation,  should  similarly  be  found  in  Paleozoic  bitummous  coals  of  the  same 
rank. 

Accordingly  they  should  be  present  in  such  Paleozoic  coals  as  those  of  western  Illinois, 
Iowa,  and  western  Missouri.  In  190S,  immediately  after  an  examination  of  the  coals  in  several 
of  the  western  coal  fields,  I  was  engaged  in  the  eastern  interior  coal  fields,  where  the  compara- 
tivel}^  low  rank  of  the  Paleozoic  coals  seemed  favorable  for  resin  survival.  As  a  result  of  a 
close  inspection,  resin  in  small  lumps  was  found  in  the  coal  at  several  of  the  comparatively 
few  mines  visited. 

Ijump  resin  was  found  in  a  dense,  hard,  bony  layer  m  which  very  little  woody  matter  was 
visible  and  the  canneloid  concentrates  were  mingled  with  a  large  percentage  of  mineral  sedi- 
ments at  the  Rutledge  mine,  a  few  miles  northwest  of  Ottumwa,  Iowa.  At  the  La  Salle  shaft, 
in  the  eastern  edge  of  La  Salle,  on  the  northern  border  of  the  Illinois  coal  field,  the  coal  derived 
from  bed  "No.  2"  (the  bed  from  which  the  wood  shown  in  fig.  1,  PI.  IX,  was  taken)  reveals 
a  few  small  fragments  of  resin.  One  of  these  is  shown,  five  times  enlarged,  in  Plate  XI,  figure  L 
The  same  block,  about  5  mches  in  cube,  of  typical  laminated  bituminous  coal,  shows  at  different 
levels  two  other  fragments  of  resin,  one  of  which,  exposed  on  the  "butt"  of  the  coal,  is  seen 
similarly  enlarged  in  figure  3  of  the  same  plate. 

Duruig  a  casual  examination  of  the  coal  of  upper  Pottsville  age  at  a  small  mine  in  one  of 
the  lower  block  coals  near  Brazil,  Ind.,  the  small  but  somewhat  conspicuous  fragment  of  resin 
shown  five  times  enlarged  in  figure  2,  Plate  XI,  was  observed.  It  will  be  noted  that  the  resin 
in  this  specimen,  which  comes  from  the  midst  of  the  bed,  has  been  squeezed  along  both  the 
beddmg  and  the  joint  planes,  so  that  its  cross  section  has  a  "step"  structure.  A  vertical  joint 
just  to  the  left  of  the  resin  lump  is  indicated  in  the  illustration  by  the  filling  of  narrow  "white 

1  White,  David,  and  Thiossen,  Reinhardt,  The  origin  of  coal:  Bureau  of  Mines  Bull.  38, 1913. 
2Inst.  Min.  Eng.  [London]  Trans.,  vol.  42,  p.  2,  1911. 
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scale,"  whose  irregular  line  in  the  photograph  is  due  to  the  uneven  fracture  of  the  coal  arid 
the  obliquity  of  the  view.  The  openmg  of  the  joint  and  the  deposition  of  the  salts  are  probably 
of  late  date,  while  the  deformation  of  the  resin,  wliich  is  squeezed  along  the  beddmg  and  vertical 
jomt  planes,  probably  dates  from  the  post-Paleozoic  uplift.  The  deformation  of  the  resin  is 
exactly  comparable  to  that  so  familiar  in  the  liigh-rank  subbituminous  and  lower-rank  bitu- 
minous coals  of  Cretaceous  age  in  the  western  United  States. 

In  all  the  specimens  noted  m  the  Paleozoic  coal  fields  m  the  upper  Mississippi  Valley  the 
substance  retams  its  russet-amber,  vitreous,  translucent,  resinous  aspect,  appearing  exactly 
like  some  of  the  resins  in  the  younger  coals.  One  of  the  fragments  from  La  Salle  is  slightly 
yellowish,  granular,  and  more  opaque  than  the  others  in  the  same  fragment  of  coal.  Another 
is  somewhat  irregularly  pitted  or  hollowed,  as  is  indistinctly  shown  in  figure  1,  Plate  XI.  The 
resin  lumps  in  these  coals  are  friable  and  have  a  conchoidal  fracture.  Fragments  from  the 
Indiana  specimen  illustrated  in  figure  2,  Plate  XI,  when  burned  on  the  platinum  spoon  by 
Chase  Palmer,  of  the  Geological  Survey,  were  found  to  fuse  readily,  gradually  turning  brown, 
while  emitting  resinous  odors.  At  higher  temperatures  they  became  dark  and  pitchy,  emitting 
resin  fumes  before  bursting  mto  a  light-yellow  flame.  A  trace  of  grayish  ash  remained  on  the 
platinum  after  combustion.  A  very  small  quantity  of  this  resin  examined  by  David  T.  Day 
was  found  to  be  hardly  soluble  in  alcohol,  though  it  was  partly  dissolved  in  chloroform. 

As  already  remarked,  no  systematic  search  for  resin  in  the  Paleozoic  coals  of  the  eastern 
interior  basin  or  any  other  Paleozoic  region  has  been  made.  It  is  probable,  however,  that 
resins  will  be  found  to  be  widespread  m  those  Paleozoic  coals  that  are  not  too  far  altered,  in 
accordance  with  the  observations  of  the  Tertiary  and  Cretaceous  coals  of  correspondmg  rank. 
The  amount  of  wound  or  surfacc-exudate  resin  secreted  by  the  Paleozoic  plant  types  appears 
to  have  been  small  compared  with  that  secreted  by  the  later  plants,  but  it  is  probable  that 
the  Paleozoic  plants  had  ample  canal  storage. 

Regarding  the  probably  resinous  nature  of  the  canal  casts  so  abundant  in  many  of  the  car- 
bonized woods  in  the  Paleozoic  bituminous  coals  of  the  interior  fields,  as  described  and  illus- 
trated on  previous  pages,  I  have  recently  learned  of  criteria  of  a  novel  and  interesting  character. 

The  occui-rence  of  Paleozoic  fossil  plants  on  Big  Spruig  Creek,  20  miles  southeast  of  Lew- 
iston,  Mont.,  having  been  reported,  specimens  were,  at  my  request,  gathered  in  1911  by  Dr.  A.  C. 
Peale,  of  the  United  States  National  Museum,  with  whom  was  associated  Mr.  A.  C.  Silberliiig. 
The  material  collected  was  found  on  examination  to  consist  mostly  of  the  reimiants  of  very 
badly  macerated  fragments  of  ferns,  lycopods,  and  Calamarise,  carbonized  aiid  confusedly  min- 
gled with  sufficient  extremely  iuie  gray  argillaceous  silt  iiot  only  to  destroy  its  value  as  coal, 
but  even  to  impart  to  some  of  the  layers  a  soiled,  dark,  sooty  gray  color.  Though  petioles  of 
several  types  are  abundant  m  this  material,  no  filicoid  pinnules  are  distmguishable,  they  having 
apparently  disappeared  by  decay.  Carbonized  stem  fragments  of  Sphenophyllum,  Astero- 
phyllites,  Calamites,  and  Lepidodendron  are  mingled  with  megaspore  exines,  sporangia,  and 
seed  coats  of  Cardiocarpon. 

The  strata  of  this  vicinity  are  said  by  W.  R.  Calvert,  who  in  1911  made  a  reconnaissance 
examination  of  the  geology  of  this  part  of  Montana,  to  belong  to  the  upper  part  of  the  Quadrant 
formation,  the  geologic  age  of  which  has  been  questioned.  Numerous  petioles,  exhibiting  the 
characteristic  superficial  features  of  Sphenopteris  (Lyginodendron)  hoeninghausii,  associated 
with  Lepidodendron  obovatum  in  the  collection  show  that  at  least  this  part  of  the  Quadrant 
formation  is  of  Pottsville  (Westphalian)  age. 

On  examining  the  fossils  from  Big  Spruig  Creek  I  was  gi-eatly  astonished  to  see  flat  bunches 
of  parallel,  flexible,  threadlike  fibrils,  suggesting  the  raveled  edge  of  some  textile  fabric,  pro- 
truding from  the  edges  of  the  rock  and  from  the  ends  of  some  of  the  carbonized  plant  frag- 
ments. A  close  exammation  of  these  smgular  fibrils  showed  them  to  issue  from  the  ends  of 
carbonized  fragments  of  certain  narrow,  slender  stems  or  petioles,  apparently  of  a  filicoid  type, 
that  were  most  abundant  in  the  coaly  shale.  The  scalclike  coaly  residues  of  these  petioles 
(as  I  prefer  to  regard  them)  are  longitudmally  traversed  by  the  parallel  fibrils,  which  are  com- 
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pletely  enveloped  b)^  the  carbon,  though  between  many  of  the  fibrils  the  carbon,  representing 
the  remaining  \mdestro3'ecl  substance  of  the  petiole,  is  thiimer  than  the  diameter  of  a  fibril; 
consequently  the  fibrils  produce  prominent  ridges  in  the  carbon.  On  account  of  the  hardness 
and  tenacity  of  the  fibrUs,  they  may  not  only  be  readily  stripped  from  the  carbonaceous  matrix 
but  some  of  them  may  be  pulled  in  segments  of  considerable  length  from  the  broken  edges 
of  the  shale.  Segments  over  8  centimeters  in  length  may  be  obtained  without  great  difficulty. 
The  aspect  and  mode  of  occurrence  of  these  most  interesting  features  can,  however,  be  best 
comprehended  on  examinmg  the  accompanying  illustrations. 

In  the  small  fragment  photographed  natural  size  shown  in  figure  1,  Plate  XIII,  is  seen  the 
carbonized  residue  of  a  petiole  transversely  crossing  the  shale  fragment.  The  petiole  evi- 
dently was  much  macerated  and  is  now  flattened  to  a  very  thui  layer,  less  than  0.3  millimeter 
thick,  of  glistening  black,  imperfectl}-  cubical  but  quite  friable  coal.  This  is  longitudinally 
traversed  by  the  parallel  fibers,  whose  contmuity  and  strength  have  enabled  them  to  tear  a 
part  of  the  petiole,  on  the  left,  from  the  adjoinmg  shale.  This  part  of  the  petiole  is  now  held 
suspended  by  the  fibrils,  which  are  still  "m  place."  The  appearance  of  the  specimen  is  better 
shown  in  figure  1 ,  Plate  XIV,  photographed  twice  the  natural  size.  Obviously  we  have  here 
thehomologue  of  the  needle-like  casts  of  the  canals  already  described  as  occm-ring  in  the  flat- 
tened ai\d  reduced  carbonized  woods  from  the  coals  of  the  Mississippi  ^'aUey.  However,  in 
the  Montana  material,  which  is  less  altered,  the  fibrils  are  still  somewhat  flexible  and  tough. 
When  the  canal  fillings  are  isolated  the  adhermg  fragments  of  coal  and  shale  may  be  mostly 
removed  by  careful  crushuig  or  rubbing  between  the  fiugei-s,  leaving  the  dark,  threadfike  casts 
free,  whereupon,  if  long  and  unsupported,  they  are  apt  to  droop  sHghtly  by  their  own  weio'ht, 
as  shown  in  figure  3,  Plate  XIII,  and  figure  2,  Plate  XIV. 

The  parallelism  and  regularity  of  the  canal  casts  and  their  relation  to  the  carbonized  resi- 
dues, which  often  lie  compactly  superposed  in  varWng  directions,  are  better  seen  in  figure  2, 
Plate  XIII,  wliich  represents  a  thin  layer  of  the  shaly  bone.  Examination  of  the  photographic 
enlargement  of  a  part  of  the  same  specimen,  shown  in  figure  3,  Plate  XIV,  shows  the  casts  to 
be  nearly  cjdindrical,  though  slightly  variable  in  cross  section.  Notwithstanding  a  degree 
of  flexibiUty  (see  fig.  3,  PI.  XIII),  which  enables  the  threadlike  casts  to  be  bent  and  twisted 
to  a  certain  extent,  and  a  toughness  which  enables  one  actually  to  pull  them  out  to  the  edo-es 
of  the  shaly  bone  (so  friable  is  the  environing  coaly  scale),  they  are  brittle,  usually  fracturing 
squarely,  though  minutely  conchoidal.  In  many  specimens  the  fragments  of  carbonaceous 
shale  are,  when  broken,  held  together  by  the  canal  casts,  as  illustrated  in  figure  2,  Plate  XIV. 
In  most  of  the  petioles  the  maceration  and  decay  of  the  plant  tissues  at  the  time  of  their  deposi- 
tion in  the  muddy  water  of  the  swamp  were  not  so  complete  as  to  leave  the  casts  without  sup- 
port. In  other  fragments,  however,  as  illustrated  in  figure  4,  Plate  XIV,  the  decay  extended 
to  more  resistant  cortical  tissues,  so  that  the  casts  were  left  free  and  unsupported  within  the 
sheath  maintained  by  the  cuticle.  This  is  shown  not  only  by  the  nearly  complete  absence  of 
environing  coaly  residue,  but  also  by  the  lax,  irregular  attitudes  of  the  released  fillings  of  the 
canals,  which  curve  and  overlap  in  sHght  confusion,  although  their  general  longitudinal  direc- 
tion is  preserved.  Frequently  the  casts  were  entirely  freed  by  the  decay  of  the  stems  or  peti- 
oles, so  that  they  are  left  isolated  and  drifted  about  in  various  positions,  as  is  shown  in  portions 
of  the  same  figure.  It  is  to  be  noted  that  the  isolated  and  probably  shghtly  drifted  casts  were 
at  the  time  of  the  deposition  of  the  plant  debris  so  brittle  that  they  were  broken  into  fragments 
comparable  to  those  of  the  isolated  rods  seen  in  the  coals  of  Illinois,  Iowa,  Missouii,  and  Lidiana, 
though  in  the  Montana  specimens  they  seem  to  have  been  shghtly  less  fiiable  and  more  flexible 
and  are  usualh'  found  in  greater  lengths  where  isolated  and  tangled  in  the  surrounding  clay  or 
debris. 

Like  the  secretions  from  the  coals  of  the  Mississippi  Valley  already  described,  the  Montana 
rods  appear  amorphous,  to  the  naked  ej'e  resembling  vulcanized  rubber.  Wlien  freed  from 
the  surrounding  carbon  or  adhering  claj-  by  gentle  rubbing  between  the  fingers  or  by  treatment 
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in  hot  nitric  acid,  the  isolated  threads  may  be  manipulated  with  ease  and  mounted  for  examina- 
tion under  the  microscope.  They  are  then  found  to  be  composed  of  a  russet-yellow,  semi- 
translucent  substance  resembling  resin.  The  tliinner  sections  presented  by  the  more  slender 
threads  approach  an  orange-yellow.  It  is  to  be  noted  also  that  many  of  the  canals  were, 
for  apparently  short  distances,  not  completely  filled  by  the  substance,  which  seems  to  have 
been  deposited  on  the  walls  so  as  to  form  a  hollow  c^vlinder.  Some  of  the  cylmders  were 
crushed  or  caved  in  on  one  side.  The  attempt  to  discern  the  configuration  of  the  contact 
cells  forming  the  walls  of  the  vessel  has  not  yet  been  wholly  successful,  though  some  of  the 
rods  have  the  aspect  of  having  been  bounded  by  longitucUnally  short,  small  cells,  roughly 
quadrilateral  in  outline.  The  evidence,  so  far  as  it  goes,  points,  therefore,  to  the  typical  canal 
structure  for  the  container  of  the  resin-like  secretion. 

As  previously  noted,  the  canals  varied  considerably  in  diameter,  some  of  the  plants  having 
comparatively  large  rods  like  those  shown  in  figure  2,  Plate  XIII,  and  figure  3,  Plate  XIV, 
while  in  others,  such  as  are  seen  in  figure  1 ,  Plate  XIII,  the  rods  are  relatively  slender.  Some 
difference  in  size  is  to  be  observed  even  in  the  fibrils  lying  in  a  single  petiole.  In  this  comiec- 
tion  it  may  be  remarked  that  similar  differeiices  may  be  noted  in  the  Myelopteris  petioles 
described  by  Renault  and  Zeiller,  pre^^ously  mentioned. 

The  examination  of  tlie  Montana  material  leaves  scarcely  room  for  doubt  that  it  is  of  the 
same  general  nature  as  the  secretions  filling  the  canals  in  the  carbonized  woods  or  freed  as 
needle-like  fragments  in  the  vegetable  debris  or  carbonaceous  muds  of  the  Illinois  coal  field. 
It  will  have  been  noted  that  in  both  regions  the  fillings  or  rods  were  evidently  approximately 
cylmdrical  in  form  and  of  nearly  uniform  diameter  throughout  great  lengtlis;  that  most  of  them 
were  hard  enough  successfully  to  resist  the  pressure  of  overlyuig  vegetable  debris  and  muds, 
not  only  during  the  peat-forming  process,  but  also  during  later  periods;  that  they  appear  to 
have  been  largely  if  not  completely  resistant  to  the  biochemical  processes  which  accomplished 
the  partial  decomposition  and  transformation  of  the  vegetal  debris  into  peat;  and  that  they 
have  survived  the  subsequent  dynamic  and  chemical  agencies  which  transformed  the  oxiginal 
peaty  substance  into  a  cubical  laminated  coal  of  low  bituminous  rank.  The  conditions  of  their 
release  from  the  freshly  rotting  stems  and  petioles  in  the  water  of  the  peat-forming  swamps 
and  the  mode  of  then-  deposition  in  the  peat  absolutely  preclude  all  hypotheses  explaiinng  their 
origin  as  infiltrations  of  vessels  or  canals  subsequent  to  the  burial  of  the  stems  in  the  peat. 

The  isolated  rods  ignite  readily  and  burn  freely  with  a  bright-yellow  flame  and  a  moderate 
amount  of  smoke  in  the  open  ah,  leaving  a  small  amount  of  dark-gray  residue.  Small  quan- 
tities of  the  threads,  after  isolation  and  such  imperfect  cleaning  as  could  be  given  by  moderate 
rubbing  between  the  fingers,  were,  through  the  courtesy  of  Mr.  J.  D.  Davis,  of  the  Bureau 
of  Mines,  subjected  by  him  to  ultimate  analysis,  with  the  following  result: 

Analysis  of  resinous  vessel  casts  from  Montana. 

C 72.69 

H 8.85 

0 13.61 

Ash 4. 85 

Ash-lree:  =^= 

C 76.40 

H 9.30 

0 14.30 

It  is  probable  that  the  ash  of  the  sample  is  slightly  liigh  on  account  of  the  method  of 
cleaning,  which  possibly  also  affected  the  other  percentages  to  a  slight  extent,  though  presum- 
ably in  no  important  way.  Mr.  Davis  states  that  very  little  of  the  substance  has  been  dis- 
solved by  acetone  during  about  five  months.  The  analysis  of  the  Montana  resinoid  secretions 
may  profitably  be  compared  with  some  of  the  analyses  given  on  page  68.  It  is  particularly 
comparable  to  the  analysis  of  the  lump  resins  from  the  Upper  Cretaceous  coals  in  northern 
New  Mexico,  described  by  Loew  ^  as  wheelerite. 

1  Loew,  Oscar,  Am.  Jour.  Sci.,  3d  ser.,  vol.  7,  p.  571, 1874.    Specimens  proliably  from  the  Cretaceous  ot  northwestern  New  llexico. 
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Analysis  of  ithcelerite  from  A(w  Mexico. 

C - 73.07 

H 7.95 

0 18.98 

The  higMy  "bituminous"  character  of  the  Montana  Paleozoic  material  is  conspicuously 

shown  by  its  high  "available"  hydrogen  (II-  — =  7.5  percent)  and  its  high  hydrogen-oxygen 

ratio  of  0.65,  which,  in  a  coal  of  the  ordinary  humic  type,  should  place  it  within  the  coking- 
class.'  Obviously  the  effect  of  the  presence  of  great  numbers  of  these  rods  in  a  coal  must  be  to 
"bituminize"  it;  to  provide  a  liigh  percentage  of  volatile  matter;  to  unpart  a  high  calorific 
value  to  it;  and,  smailarly,  through  the  presence  of  so  much  hydrogen  probably,  to  make  the 
volatile  highly  iUuminant.     The  roils  are  excellent  cannel-forming  ingredient  matter. 

In  view  of  (1 )  the  mode  of  occurrence  of  the  secretions  inclosed  in  the  canals  of  the  petioles 
and  carbonized  woods,  as  well  as  free  m  both  the  Montana  and  the  eastern  interior  coal  measures 
(2)  their  resistance  to  the  agencies  of  decay,  (.3)  their  aspect  and  state  of  preservation,  (4)  tbe 
microscopic  characters  of  the  substance  composuig  the  casts  and  its  optical  similarity  to  resin, 
(5)  the  close  agreement,  accortling  to  the  chemical  analysis,  with  the  resins,  and  (6)  the  ascer- 
tauied  presence  of  lump  resin  in  the  Carboniferous  coals  of  the  ui)per  Mississippi  Valley,  I  have 
had  little  hesitation  in  regardhig  all  these  substances  as  resins,  though  not  necessarily  as  identical 
resins.  Not  only  is  the  Montana  substance  itself  resin-like,  but  its  mode  of  occurrence  is  a 
common  mode  of  resin  secretion  in  the  plants  of  to-day.  That  it  may  be  a  gum  seemed  improb- 
able, largely  on  account  of  its  resistance  to  the  agencies  of  alteration. 

Feeling,  however,  that  the  Montana  material,  which  is  somewhat  tougher  and  more  elastic 
than  the  secretions  found  in  the  eastern  coals  (though  it  may  not  always  have  been  so),  mi"ht 
represent  an  unusual  mode  of  occurrence  of  a  resin-Uke  wax  rather  than  a  typical  resin,  I  sub- 
mitted samples  of  the  casts  to  Dr.  C.  L.  Alsberg,  then  of  the  Bureau  of  Plant  Industry  in  the 
Department  of  Agriculture,  whose  broad  interest  in  problems  of  this  kintl  and  whose  friendly 
com-tesy  prompted  hun  to  investigate  the  substance  of  the  rods  as  thoroughly  as  the  circum- 
stances would  permit.  Dr.  Alsberg's  prelhninary  conclusion  is  that  the  substance  from  Montana 
is  probabh'  resinous.     He  says: 

The  fibrils  were  carefully  separated  from  the  matrix  and  freed  from  the  latter  as  much  as  possible  by  nibbino- 
between  the  fingers  and  by  brushing  with  a  camel 's-hair  brush.  They  were  apparently  insoluble  in  cold  and  hot 
water,  in  cold  and  hot  alcohol,  in  chloroform,  toluene,  benzol,  and  boiling  concentrated  hydrochloric  acid.  Hot 
concentrated  sulphuric  acid  caused  them  to  disintegrate  into  many  smaller  fibrils  ivithout  much  charring.  Hot 
10  per  cent  potassium  hydroxide  caused  the  fibrils  to  swell  somewhat,  to  soften,  and,  to  a  slight  extent,  to  dissolve. 
Boiling  with  concentrated  nitric  acid  caused  rapid  solution  of  the  black  outer  layer,  with  evolution  of  gas,  leaving 
a  reddish,  transparent,  soft  core.  T^Tien  cold  this  core  became  hard  and  flexible  again.  After  the  black  coating  had 
been  dissolved  by  the  nitric  acid,  the  core  apparently  resisted  further  attack  by  the  acid. 

Thereupon  0.5.537  gram  was  boiled  with  95  per  cent  alcohol  under  a  reflex  condenser  for  several  days.  The  material 
extracted  weighed  less  than  a  milligram.  The  extraction  was  repeated  with  chloroform,  which  extracted  but  2  milli- 
grams.    Then  toluene  was  tried,  yielding  1.2  centigrams  of  extracted  material. 

Since  so  little  of  the  material  was  soluble  in  these  organic  solvents  it  was  treated  with  concentrated  hot  nitric 
acid  till  the  black  outer  layer  was  removed.  It  was  then  washed  with  water  till  all  the  acid  was  removed  and  dried. 
It  was  next  extracted  with  ether  under  the  reflex  condenser.  A  small  amount  passed  into  solution.  The  extraction 
was  repeated  until  no  more  was  dissolved.  It  was  then  extracted  in  the  same  manner  with  chloroform;  but  only  traces, 
of  material  were  dissolved  in  the  coiu-se  of  several  days.  Thereupon  the  material  was  extracted  -with  alcohol,  wliich 
dissolved  appreciable  quantities.  In  the  course  of  several  weeks  the  boiling  alcohol  extracted  about  one-third  of  the 
material.  After  the  alcohol  extracted  notliing  more,  the  extraction  was  continued  with  toluene,  which  extracted  a 
small  amount.     The  residue  which  remained  was  partially  soluble  in  a  concentrated  solution  of  chlorohydrate. 

The  different  fractions  into  which  the  material  was  separated  by  these  solvents  are  being  investigated  chemically. 
It  is  hoped  that  further  data  may  in  the  future  be  published.  At  present  from  the  data  at  hand  it  is  possible  to  say 
that  the  indications  are  that  the  material  is  of  a  resinous  natiu^e.  The  solubilities  point  in  tliis  direction.  Very  few 
other  substances  have  such  solubilities.     The  solubility  in  chlorohydrate  is  particularly  significant. 

1  Bureau  of  Mines  Bull.  29,  p.  52, 1911. 
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CONCLUSIONS. 

From  the  criteria  reviewed  it  appears  that  at  least  a  large  part  of  the  petioles  and  trunks 
of  the  Carboniferous  coal-forming  types  of  vegetation  were  provided,  as  described  by  several 
paleobotanists  from  petrified  specimens^  with  numerous  secretory  canals  and  cells,  in  many 
of  which  residues,  generally  interpreted  as  gums  but  often  suggesting  resms  and  waxes,  may 
stDl  be  seen.  In  the  preceding  pages  evidence  has  been  presented  showing  not  only  the  presence 
of  lump  or  exudate  resuis  in  Paleozoic  coals  of  a  somewhat  low  bituminous  rank,  but  also  the 
occtirrence  in  these  coals  of  great  quantities  of  wood  antl  petioles  traversed  by  canals  largely 
if  not  completely  filled  with  secretions,  whose  mode  of  occurrence,  optical  characters,  chemical 
composition,  and  resistance  to  decay  under  the  conditions  of  coal  formation  seem  to  combme  in 
proof  of  their  resinous  nature.  These  canal  secretions  were  not  only  largely  resistant  to  the 
biochemical  processes  of  peat  formation  but  they  have  withstood  (though  probably  not  mthout 
some  chemical  change)  the  ordinary  djmamo-chemical  processes  of  peat  transformation,  prob- 
ably except  contact  metamorphism,  until  the  coals  attained  at  least  a  low  bituminous  rank. 
Their  abimdanco  in  Paleozoic  coals  of  this  or  lower  ranks  may  readily  be  confirmed  on  close 
examination. 

These  resinous  fillmgs  have,  as  a  result  of  tlie  partial  dehydration,  the  progressive  chemical 
waste  or  reduction,  and  the  pressure  coUapse  oi  the  environing  undecayed  plant  tissues,  been, 
in  effect,  concentrated  in  the  coals,  so  that  their  proportionate  volume  is  much  increaserl  even 
in  the  midestroyed  wood.  A  great  concentration  results  from  the  more  advanced  decay  of  the 
other  plant  tissues,  so  that  the  resinous  rods  or  bodies  are  either  separated  onh'  by  extr(>mely 
thin  carbon  residues  representing  the  remaining  portions  of  the  plant,  or  thej  are  completely 
freed  and  isolated  ami  so  permitted  to  lodge  and  accumulate,  frequently  in  contact,  in  relatively 
large  quantities.  Such  isolated  resin  fragments  form  a  permanent  and  considerable  ingredient 
of  the  coals  of  the  cannel  type,  in  some  localities  contributing  largely  to  their  physical  and 
chemical  quahties;  and  they  are  particularly  characteristic  of  the  canneloid  fuels  of  the  Cre- 
taceous and  Tertiary  coal  fields. 

The  amoimt  of  the  wood  and  petioles  probably  containing  resin  found  in  the  Paleozoic  coal 
measures,  "both  at  the  Montana  locality  and  in  the  upper  Mississippi  Valley,  justifies  the  con- 
clusion that  the  quantity  of  resin  contributed  by  the  coal-forming  plants  and  preserved  either 
in  place  in  the  wood  or  as  accumulations  (concentrates)  in  various  layers  of  the  coal  may,  on 
the  whole,  have  been  as  great  in  the  Paleozoic  era  as  in  later  epochs.  Though  the  Paleozoic 
resins  were  probably  secreted  in  lump  or  exudate  form  far  less  than  the  resins  of  the  plants, 
especially  the  conifers,  of  the  later  formations,  they  were,  I  am  inclined  to  believe,  as  important 
as  contributions  to  the  coal.  Furthermore,  it  will  be  remembered  that  the  aspect  of  the  spore 
and  pollen  exines  fomid  in  the  coal,  the  characteristic  features  of  the  chemical  analj^ses  of  the 
coal,  and  the  fact  that  the  exines  have  physically  so  far  survived  the  decomposing  agencies 
appear  amply  to  sustain  the  belief  that  in  both  the  Paleozoic  and  the  Mesozoic  plants  the  exines 
were,  like  their  modern  representatives,  provided  with  protective  wax,  resin,  and  gum  secretions. 
The  amount  of  resinous  and  waxy  material  contributed  by  the  Ifighly  varied  and  incredibly 
numerous  spores  in  the  Carboniferous  coals  was  in  itself  undoubtedly  large;  and  where,  as  in 
the  cannel  coals,  such  spores  compose  a  large  part  of  the  fuel  body,  the  resinous  material,  perhaps 
as  much  as  the  waxes,  has  produced  the  peculiar  commercial  and  chemical  qualities  which 
characterize  the  coals  of  the  cannel  type.  In  tliis  connection  it  may  be  remarked  that  some  of 
the  pinnules  of  cycadofihc  types — such,  for  example,  as  Neuropteris  fexuosa  of  the  upper  Potts- 
ville  or  Neuropteris  gigantea  of  the  middle  PottsvUle — were  probably  provided  with  waxy  cover- 
ings analogous  to  those  borne  by  many  leaves  among  livmg  plants. 

It  is  probable  that  in  th?.  Paleozoic  as  well  as  in  the  Cenozoic  era  many  among  the  coal- 
forming  species  were  not  resin-producing,  for  many  of  the  associated  wood  and  petiole  fragments 
found  in  the  coal  show  no  megascopic  incUcations  of  such  secretions.  In  the  Montana  material 
the  resinous  tlu-eads  seem  to  be  confined  to  petioles  or  slender  stems,  wliich,  from  the  differences 
in  the  sizes  of  the  canals,  were  presumably  of  more  than  one  genus  and  species.     At  the  Montana 
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locality  the  resin-bearing  plants,  whether  or  not  of  several  kinds,  were  veiy  abundant,  prob- 
ably forming  ths  larger  part  of  the  arborescent  material  contributed  to  the  coaly  shales  at 
certain  levels.  The:e  is  reason  to  bcheve  that  in  the  Paleozoic,  as  in  the  later  epochs,  the  resins 
produced  by  different  plants  varied  in  composition  and  qualities. 

The  evidence  offered  by  the  American  material  makes  it  seem  not  improbable  that  the 
dark-brown  residues  found  in  the  canals  of  the  silicified  material  from  the  French  Permian  also 
is  resmous,  as  was  suggested  by  Renault  and  Zeiller.  The  unquestionable  presence  of  lump 
resin  in  the  Paleozoic  coals  of  the  upper  Mississippi  Valley  argues  strongly  also  for  the  resinous 
nature  of  the  dark  contents  of  the  secretory  cells  and  canals  of  some  of  the  other  plants  found 
petrified  in  the  Carboniferous  of  Europe.^ 

The  analogies  to  be  drawn  from  the  deformation,  discoloration,  alteration,  and  reduction 
(carbonization,  hivohdng  loss  of  volatile)  of  the  megascopic  resin  lumps  as  the  coals  of  the  Creta- 
ceous and  Tertiary  in  Colorado  and  Washington  were  brought  from  the  lower-bituminous  to  the 
higher-bitununous  ranks  appear  to  offer  a  reasonable  explanation  for  the  failure  hitherto  to 
observe  lump  resin  in  the  liigher-rank  bituminous  coals  of  the  Appalachian  trough  and  for  the 
probable  absence  of  canal  resin  casts  in  the  seniibituminous  coals  of  the  same  province.  The 
question  as  to  the  extent  of  their  survival  (without  doubt  they  were  once  present)  in  the  areas 
of  high-rank  coal  remains  to  be  detennined  by  observation,  though  it  is  probable  that  they  are 
present  in  some  of  the  lower-rank  coals  having  a  fixed  carbon  ("pure  coal"  basis)  of  less  than 
58  or  55  per  cent  in  the  western  portion  of  the  gi-eat  Allegheny  coal  field. 

A  question  which  appears  to  deserve  careful  consideration  is,  Wliat  relation,  if  any,  may  the 
alteration  or  transformation  (natm*al  distillation)  of  these  high-hydrogen  and  liigh- volatile 
fusible  elements  of  the  coals  which  appears  to  take  place  in  a  critical  period  (limited  in  round 
terms  by  the  passage  from  58  to  65  per  cent  of  fixed  carbon  in  "pure  coal"),  as  the  fuels  are 
being  brought  by  the  djniamo-chemical  agencies  to  the  state  of  fitness,  other  tilings  being  equal, 
for  the  production  of  high-grade  coko  by  the  ordinary  process,  bear  to  the  development  of  the 
coking  quality  itself  in  the  coals  ? 

*  The  superficial  aspect  of  the  Montana  petioles,  the  characters  of  their  finely  striated  cuticles,  and  their  mode  of  branching  strongly  suggest  the 
petioles  of  Alethopteris  and  Neuropteris,  to  which  I  believe  them  probably  to  have  belonged.  The  slightly  irregular  but  generally  parallel  longi- 
tudinal lineation  of  the  carbonized  residues  was  presumably  produced  by  hj-podermal  strands  of  thick-walled  and  slightly  more  resistant  tissue, 
distributed  mainly  in  a  subperipheral  zone.  The  secretory  canals  were  most  probably  associated  with  such  hypodemial  strands,  very  much  or 
perhaps  identically  as  in  the  petrified  stems  described  by  Renault  (.\cad.  sci.  Paris  Mem.  sav.  (Strang.,  vol.  22,  No.  10,  p.  17,  PL  V,  fig.  tn,  1875)  and 
Zeiller  (Bassin  houiller  et  pemiien  d'Autim  et  d'Epinac,  vol.  1,  Flore  fossile,  pt.  1,  PI.  XXVU,  fig.  2, 1890)  as  Myelopleris  and  Myeloxylon. 
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PLATE  IX. 
Fragments  of  bitltminous  coal  showing  carbonized  wood,  etc. 

Figure  1.  Portion  (natural  size)  of  a  large  fragment  of  wood  from  the  midst  of  the  coal  mined  at  Gerlaw,  111.  The 
wood,  which  is  flattened  comparatively  thin,  is  traversed,  parallel  to  the  grain,  by  very  slender  needle-like  casts, 
the  remains  of  hard  secretions,  regarded  as  resinous,  occupying  the  longitudinal  canals.  On  the  right  are  fragments 
of  bark,  cuticles,  and  small  miscellaneous  vegetal  debris,  all  carbonized.  A  portion  of  the  same  specimen  is  shown 
four  times  enlarged  in  Plate  XI,  figure  4. 

Figure  2.  Bedding-plane  surface  (natural  size)  of  a  block  of  coal  from  a  mine  in  "coal  No.  2,"  near  Exeter,  111.  The 
surface  is  strewn  with  small  pieces  of  wood  now  flattened  and  converted  to  mineral  charcoal  ("mother  of  coal"). 
■  Most  of  the  pieces  are  traversed  lengthwise  of  the  grain  by  needle-like  resinous  canal  casts,  like  those  shown  in 
figure  1,  but  much  more  slender.    A  part  of  this  specimen  is  shown  four  times  enlarged  in  Plate  X. 

Figure  3.  Fragment  (natural  size)  from  a  tliin  parting  in  the  coal  (No.  2)  at  Colchester,  111.,  showing  the  very  slender 
needle-like  resin  fillings  of  the  canals,  leleased  by  the  decay  of  the  surrounding  tissues  of  the  wood  and  now  drifted 
in  confusion.  On  the  same  specimen,  as  shown  in  bedding-plane  view  four  times  enlarged  in  Plate  XII,  are  many 
megaspores  and  several  envelopes  of  seeds  all  representing  vegetal  tissues  most  resistant  to  decay.  Small  particles 
of  cuticle  are  also  present. 
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FRAGMENTS    OF    BITUMINOUS    COAL    SHOWING    CARBONIZED    WOOD,     ETC. 


PLATE    X. 


PLATE  X. 

Bedding  plane  of  coal  from  Exeter,  III. 

A  portion  of  the  block  shown  in  Phxte  IX,  figure  2,  four  times  the  natural  size.  The  repinous  casts  of  the  canals  longi- 
tudinally traversing  the  fragments  of  carbonized  wood  appear  like  needles  or  fine  wires  lying  parallel  to  the  surface 
or  protruding  obliquely  and  at  the  ends  of  the  pieces  of  wood.  In  some  places  the  wood  has  rotted  so  that  the 
casts  are  left  entirely  freed  and  isolated.  The  surrounding  wood  cells  were  so  macerated  and  comjiressed  that 
many  of  the  slender  round  casts  stand  out  as  ridges  in  the  coaly  residue  even  where  they  are  not  actually  exposed, 
88 
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BEDDING  PLANE  OF  COAL  FROM  EXETER,  ILL. 


PLATE    XI. 


PLATE  XL 
Resin  lumps  in  Paleozoic  coals. 

Figure  1.  End  view  (five  times  enlarged)  of  a  piece  of  coal  from  shaft  at  La  Salle,  III,,  showing  a  cross  section  of  a 
flattened  lump  of  rather  dark  amber-like  resin.     It  is  slightly  pitted. 

Figure  2.  End  view  (five  times  enlarged)  of  a  fragment  of  "block"  coal  from  a  mine  near  Brazil,  Ind.,  showing  a 
lump  of  resin.  The  resin  has  been  squeezed  both  along  the  bedding  plane  and  in  the  joints,  so  that  its  cross  section 
exhibits  a  zigzag  or  "step"  form.  The  light-colored  spots  above  and  below  are  mere  reflections  from  fracture  sur- 
faces of  the  dense  laminated  coal,  the  photograph  not  being  retouched.  Fragments  of  the  lump  here  shown  have 
been  subjected  to  combustion  and  chemical  tests. 

Figure  3.  Another  lump  (five  times  enlarged)  found  on  another  side  of  the  block  of  coal  shown  in  figure  2.  The 
lump  is  somewhat  squeezed  but  retains  its  typical  "rosin "-like  translucent  character.  The  outline  of  the  section 
is  crescentic,  convex  downward;  the  apparent  extensions  above  and  below  are  reflections  from  cleavage  planes 
in  the  coal.    The  photograph  is  not  retouched.     The  same  specimen  of  coal  exhibits  a  third  resin  lump. 

Figure  4.  Portion  (four  times  enlarged)  of  the  fragment  from  Gerlaw,  111.,  shown  in  Plate  IX,  figure  1,  showing  the 
needle-like  casts  or  resinous  fillings  of  the  canals  in  the  wood,  the  grain  of  which  runs  vertically  in  the  picture. 
The  casts  are  in  some  places  fully  exposed,  in  others  are  protruding  and  broken  off,  and  in  still  others  appear  only 
as  ridges  in  the  tliin  layer  of  mineral  charcoal  to  which  the  wood  is  reduced. 
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PLATE  XII. 

Fragment  from  thin  parting  in  coal  from  Colchester,  III. 

Portion  (four  times  enlarged)  of  the  very  thin  parting  shown  in  bedding-plane  view  in  Plate  IX,  figure  3.  Shows 
the  round,  slender,  needle-like  resinous  casts  from  the  canals  of  various  woods.  The  casts,  freed  by  the  decay 
of  the  other  tissues  of  the  wood,  have  accumulated  in  great  numbers,  effecting  a  concentration  of  the  resin  sub- 
stance.    Fragments  of  cuticle,  spore  exines,  and  seed  coats  are  also  present. 
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PLATE  XIII. 
Resinous  casts  in  stems  or  petioles. 

[From  Big  Spring  Creek,  20  miles  southeast  of  Lewiston.  Mont.     Quadrant  formation;  Pottsville  age  ] 

Figure  1.  Fragment  of  coaly  shale  crossed  by  the  thin  carbonized  residue  of  a  petiole,  a  portion  of  which  (on  the  left) 
is  held  suspended  by  the  very  slender,  threadlike  resinous  casts,  which  protrude  at  the  ends  like  bristles  or 
fibrils.     The  same  specimen  is  shown  twice  enlarged  in  Plate  XIV,  figure  1. 

Figure  2.  Fragment  of  dark  shaly  coal  or  coaly  shale,  in  which  many  of  the  petioles  (or  stems  ?)  are  matted  in  various 
directions.  The  resinous  casts  of  the  canals,  some  of  which  are  very  large,  make  ridges  in  the  very  thin  car- 
bonized residues  of  the  petioles,  even  where  they  are  still  enveloped  by  the  coalified  flattened  remains  of  the 
surrotinding  tipsue  of  the  wood  or  bark.  At  several  points  casts  isolated  by  the  decay  of  the  wood  are  seen. 
A  portion  of  this  specimen  is  shown  twice  enlarged  in  Plate  Xl\,  figure  3. 

Figure  3.  Fragment  of  coaly  shale  from  the  edges  of  which  protrude  the  parallel  threadlike  resinous  vessel  casts 
which  have  been  pulled  out  of  the  carbonaceous  residues  in  the  adjoining  fragments.     The  bands  of  casts  lie  in 
many  directions  and  at  many  levels,  according  to  the  position  of  the  containing  carbonized  wood. 
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PLATE  XIV. 
Threadlike  resinous  casts  in  carbonized  woods. 

[From  Big  Spring  (reek,  20  miles  southeast  of  Lewiston,  Mont.     Quadrant  formation;  Pottsville  age] 

Figure  1,  Specimen  shown  in  Plate  XIII,  figure  1  (enlarged  two  diameters),  showing  the  cubical  coal  made  from 
the  remaining  tissues  of  the  petiole.  The  residue,  which  is  less  than  0.3  millimeter  in  diameter,  is  scarcely 
thicker  than  the  resinous  fibrils  themselves.  The  cubically  jointed  coal  has  been  lifted  from  the  matrix  and 
extends,  sustained  by  the  casts,  ou  the  left.     Other  stem  fragments  with  casts  lie  in  the  same  piece  of  coaly  shale. 

Figure  2.  Fragment  (twice  natural  size)  in  which  the  resinous  casts,  much  greater  in  diameter,  lie  mostly  in  their 
original  attitudes,  the  coal  and  mud  having  been  partly  removed. 

Figure  3.  Part  of  the  specimen  showni  in  Plate  XIII,  figure  2  (twice  natural  size),  showing  the  parallelism  and  aspect 
of  the  resin  canal  casts,  which  in  some  of  the  petiolar  fragments  are  very  large.  Regarding  the  relative  diameter 
of  the  canals,  compare  this  figure  with  a  corresponding  enlargement  given  as  figure  1  above. 

Figure  4.  Piece  of  the  coaly  shale  transversely  crossed  by  a  petiole  or  small  stem  which  before  burial  in  the  carbona- 
ceous mud  had  so  far  rotted  that  the  resinous  casts  of  the  canals  were  left  free  and  unsupported  by  intervening 
woody  tissues.  They  lie  longitudinally  extended  but  lax  and  irregularly  disposed  within  the  thin  outer  sheath 
of  the  petiole.  Many  cast  fragments  wholly  isolated  by  the  decay  of  their  enveloping  stems  are  scattered  in  the 
richly  carbonaceous  mud. 
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PREFACE. 


Thirty-five  years  ago  the  ^^Tite^  made  a 
study  of  the  worlv  of  streams  in  shaping  the 
face  of  the  land.  The  study  included  a 
qualitative  and*  partly  deductive  investigation 
of  the  laws  of  transportation  of  debris  by 
running  water;  and  tlie  limitations  of  such 
methods  inspired  a  desire  for  quantitative 
data,  such  as  could  be  obtained  only  by 
experimentation  with  determinate  conditions. 
The  gratification  of  tliis  desire  was  long  de- 
ferred, but  opportunity  for  experimentation 
finally  came  in  connection  with  an  investigation 
of  problems  occasioned  by  the  overloading  of 
certain  California  rivers  ^\ith  waste  from 
hydraulic  mines.  The  physical  factors  of 
those  problems  involve  the  transporting  capac- 
ity of  streams  as  controlled  by  various  condi- 
tions. The  experiments  described  in  this 
report  were  thus  instigated  by  the  common 
needs  of  physiograpliic  geology  and  hydraulic 
engineering. 

A  laboratory  was  established  at  Berkeley, 
Cal.,  and  the  investigation  became  the  guest 
of  the  University  of  California,  to  which  it  is 
indebted  not  only  for  space,  within  doors  and 
without,  but  for  facilities  of  many  kinds  most 
generously  contributed. 

Almost  from  the  beginning  Mr.  E.  C.  Murphy 
has  been  associated  with  me  in  the  investigation 
and  has  had  direct  charge  of  the  experiments. 
Before  the  completion  of  the  investigation  I 
was  compelled  by  ill  health  to  withdraw  from 
it,  and  Mr.  Murphy  not  only  made  the  remain- 
ing series  of  experiments,  so  far  as  had  been 
definitely  planned,  but  prepared  a  report. 
This  report  did  not  include  a  full  discussion  of 
the  results  but  was  of  a  preliminary  nature, 
it  being  hoped  that  the  work  might  be  con- 
tinued, with  enlargement  of  scale,  in  the  near 
future.  When  afterward  I  found  myself  able 
to  resume  the  study,  there  seemed  no  im- 
mediate prospect  of  resuming  experimentation, 
and  it  was  thought  best  to  give  the  material 
comparatively  full  treatment.  It  will  readily 
be  understood  from  this  account  that  I  am 
responsible  for  the  planning  of  the  experimental 


work  as  well  as  for  the  discussion  of  results 
here  contained,  while  Mr.  Murphy  is  responsible 
for  the  experimental  work.  It  must  not  be 
understood,  however,  that  in  assuming  responsi- 
bility for  the  discussion  I  also  claim  sole  credit 
for  what  is  novel  in  the  generalizations.  Many 
conclusions  were  reached  by  us  jointly  during 
our  association,  and  others  were  developed  by 
Mr.  Murphy  in  liis  report.  These  have  been 
incorporated  in  the  present  report,  so  far  as 
they  appeared  to  be  sustained  by  the  more 
elaborate  analysis,  and  specific  credit  is  given 
only  whore  I  found  it  practicable  to  quote 
from  Mr.  Murphy's  manuscript. 

Mr.  J.  A.  Burgess  was  for  a  short  time  a 
scientific  assistant  in  the  laboratory,  and  his 
work  is  described  in  another  connection. 
Credit  should  be  given  to  Mr.  L.  E.  Eshleman, 
carpenter,  and  Mr.  Waldemar  jVrntzen,  mechan- 
ician, for  excellent  work  in  the  construction  of 
apparatus.  I  recall  with  sincere  gratitude 
the  cordial  cooperation  of  several  members  of 
the  university  faculty,  and  the  investigation  is 
especially  indebted  to  the  good  offices  and 
technical  knowiedge  of  Prof.  S.  B.  Cluisty 
and  Prof.  J.  N.  Le  Conte. 

Portions  of  my  manuscript  were  read  by 
Dr.  R.  S.  Woodward  and  Dr.  Lyman  J.  Briggs, 
and  the  entire  manuscript  was  read  by  Mr.  C.  E. 
Van  Orstrand  and  Mr.  Willard  D.  Johnson. 
To  these  gentlemen  and  to  members  of  the 
editorial  staff  of  the  Geological  Survey  I  am 
indebted  for  criticisms  and  suggestions  leading 
to  the  elimination  of  some  of  the  crudities  of 
the  original  draft. 

While  the  aid  wliich  my  work  has  received 
from  many  colleagues  has  been  so  kindly  and 
efficient  that  individual  mention  seems  invid- 
ious, my  gratitude  must  nevertheless  be 
expressed  for  valuable  assistance  by  Mr.  Fran- 
cois E.  Matthes  in  the  examination  of  foreign 
literature,  and  for  the  unfailing  encouragement 
and  support  of  Mr.  M.  O.  Leighton,  until 
recently  in  charge  of  the  hydrographic  work 
of  the  Survey. 

G.  K.  G. 
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ABSTRACT. 


Scope. — The  finer  debris  transported  by  a 
stream  is  borne  in  suspension.  The  coarser  is 
swept  along  the  channel  bed.  The  suspemled 
load  is  readily  sampled  and  estimated,  and 
much  is  known  as  to  its  quantity.  The  bed 
load  is  inaccessible  and  we  are  without  definite 
information  as  to  its  amount.  The  primary 
purpose  of  the  investigation  was  to  learn  the 
laws  which  control  the  movement  of  bed  load, 
and  especially  to  determine  how  the  quantity 
of  load  is  related  to  the  stream's  slope  and  dis- 
charge and  to  the  degi-ee  of  comminution  of  the 
d6bris. 

Method. — To  this  end  a  laboratory  was 
equipped  at  Berkeley,  Cal.,  and  experiments 
were  performed  in  which  each  of  the  three  con- 
ditions mentioned  was  separately  varied  and 
the  resulting  variations  of  load  were  observed 
and  measured.  Sand  antl  gravel  were  sorted 
by  sieves  into  grades  of  uniform  size.  Deter- 
minate discharges  were  used.  In  each  experi- 
ment a  specific  load  was  fed  to  a  stream  of 
specific  width  and  discharge,  and  measurement 
was  made  of  the  slope  to  which  the  stream 
automatically  adjusted  its  bed  so  as  to  enable 
the  current  to  transport  the  load. 

The  slope  factor. — For  each  combination  of 
discharge,  width,  and  grade  of  debris  there  is  a 
slope,  called  competent  slope,  wliich  lunits 
transportation.  With  lower  slopes  there  is  no 
load,  or  the  stream  has  no  capacity '  for  load. 
With  higher  slopes  capacity  exists;  and 
increase  of  slope  gives  increase  of  capacity. 
The  value  of  capacity  is  approximately  propor- 
tional to  a  power  of  the  excess  of  slope  above 
competent  slope.  If  S  equal  the  stream's  slope 
and  a  equal  competent  slope,  then  the  stream's 
capacity  varies  as  (S  —  a)'^.  This  is  not  a  de- 
ductive, but  an  empiric  law.  The  exponent  n 
has  not  a  fixed  value,  but  an  indefinite  series 
of  values  depending  on  conditions.  Its  range 
of  values  in  the  experience  of  the  laboratory 

1  Capacity  is  defined  for  the  purposes  of  this  paper  as  the  maximum 
load  of  a  given  kind  of  debris  which  a  given  stream  can  transport.  See 
page  35. 
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is  from  0.93  to  2.37,  the  values  being  greater 
as  the  discharges  are  smaller  or  the  debris  is 
coai-ser. 

The  discharge  factor. — For  each  combination 
of  width,  slope,  and  grade  of  debris  there  is  a 
competent  discharge,  «.  Calling  the  stream's 
discharge  Q,  the  stream's  capacity  varies  as 
(Q  —  k)".  The  observed  range  of  values  for  o 
is  from  0.81  to  1.24,  the  values  being  greater 
as  the  slopes  are  smaller  or  the  debris  is 
coarser.  Under  like  conditions  o  is  less  than 
n;  or,  m  other  words,  capacity  is  less  sensitive 
to  changes  of  discharge  than  to  changes  of 
slope. 

TJte  fineness  factor. — For  each  combination 
of  width,  slope,  and  tlischarge  there  is  a  limit- 
uag  fhieness  of  debris  below  wliicli  no  transpor- 
tation takes  place.  Calling  fineness  (or  degree 
of  comminution)  F  and  competent  fineness  cj), 
the  stream's  capacity  varies  with  (F  — ^)p. 
The  observed  range  of  values  for  p  is  from  0.50 
to  0.62,  the  values  being  greater  as  slopes  and 
discharges  are  smaller.  Capacity  is  less  sensi- 
tive to  changes  in  fineness  of  debris  than  to 
changes  in  disch.irge  or  slope. 

The  form  factor. — Most  of  the  experiments 
were  with  straight  channels.  A  few  with 
crooked  channels  jaelded  nearly  the  same  esti- 
mates of  capacity.  The  ratio  of  depth  to  width 
is  a  more  important  factor.  For  any  combi- 
nation of  slope,  discharge,  and  fineness  it  is 
possible  to  reduce  capacity  to  zero  by  making 
the  stream  very  wide  and  shallow  or  very  nar- 
row and  deep.  Between  these  extremes  is  a 
particular  ratio  of  depth  to  width,  p,  corre- 
sponding to  a  maximum  capacity.  The  values 
of  p  range,  under  laboratory  conditions,  from 
0.5  to  O.Ot,  being  greater  as  slope,  discharge, 
and  fineness  are  less. 

Velocity. — The  velocity  which  determines 
capacity  for  bed  load  is  that  near  the  stream's 
bed,  but  attempts  to  measure  bed  velocity 
were  not  successful.  Mean  velocity  was  meas- 
ured instead.  To  make  a  definite  comparison 
between  capacity  and  mean  velocity  it  is  neces- 
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sary  to  postulate  constancy  in  some  a<-cessory 
condition.  If  slope  he  the  constant,  in  which 
case  velocity  changes  with  discharge,  capacity 
varies  on  the  average  w-ith  the  3.2  power  of 
velocity.  If  discharge  be  the  constant,  in 
which  case  velocity  changes  with  slope,  capacity 
varies  on  the  average  with  the  4.0  power  of 
velocity.  If  depth  be  the  constant,  in  which 
case  velocity  changes  with  simultaneous 
changes  of  slope  and  cUscharge,  capacity  varies 
on  the  average  with  the  3.7  power  of  velocity. 
The  power  expressing  the  sensitiveness  of 
capacity  to  changes  of  mean  velocity  has  in 
each  case  a  wide  range  of  values,  being  greater 
as  slope,  discharge,  and  fineness  are  less. 

Mixtures. — In  general,  debris  composed  of 
particles  of  a  single  size  is  moved  less  freely 
than  debris  containing  particles  of  many  sizes. 
If  fine  material  be  added  to  coarse,  not  only  is 
the  total  load  increased  but  a  greater  quantity 
of  the  coarse  material  is  carried. 

Modes  of  transportation;  movement  of  par- 
ticles.— Some  particles  of  the  bed  load  slide; 
many  roll;  the  multitude  make  short  skips  or 
leaps,  the  process  being  called  saltation.  Sal- 
tation grades  into  suspension.  When  particles 
of  many  sizes  are  moved  together  the  larger 
ones  are  rolled. 

Modes  of  transportation;  collective  move- 
ment.— When  the  conditions  are  such  that  the 
bed  load  is  small,  the  bed  is  molded  into  hills, 
called  dunes,  which  travel  dowTistream.  Their 
mode  of  advance  is  like  that  of  eolian  dunes, 
the  current  eroding  their  upstream  faces  and 
depositing  the  eroded  material  on  the  down- 
stream faces.  With  any  progressive  change  of 
conditions  tending  to  increase  the  load,  the 
dunes  eventually  disappear  and  the  debris  sur- 
face becomes  smooth.  The  smooth  phase  is  in 
turn  succeeded  by  a  second  rhythmic  phase,  in 
which  a  system  of  hills  travel  upstream.  These 
are  called  antidunes,  and  their  movement  is 
accomplished  by  erosion  on  the  downstream 
face  and  deposition  on  the  upstream  face. 
Both  rhythms  of  debris  movement  are  initiated 
by  rhythms  of  water  movement. 

Application  of  formulas. — While  the  prin- 
ciples discovered  in  the  laboratory  are  neces- 
sarily involved  in  the  work  of  rivers,  the  labo- 
ratory formulas  are  not  immediately  available 
for  the  discussion  of  river  problems.  Being 
both  empiric  and  complex,  they  will  not  bear 


extensive  extrapolation.  Under  some  circum- 
stances they  may  be  used  to  compare  the  work 
of  one  stream  with  that  of  another  stream  of 
the  same  type,  but  they  do  not  permit  an  esti- 
mate of  a  river's  capacity  to  be  based  on  the 
determined  capacities  of  laboratory  streams. 
The  investigation  made  an  advance  in  the 
direction  of  its  primary  goal,  but  the  goal  was 
not  reached. 

Load  versits  energy. — The  energy  of  a  stream 
is  measured  by  the  product  of  its  discharge 
(mass  per  unit  time),  its  slope,  and  the  accel- 
eration of  gravity.  In  a  stream  without  load 
the  energy  is  expended  in  flow  resistances, 
which  are  greater  as  velocity  and  viscosity  are 
greater.  Load,  mcluding  that  carried  in  sus- 
pension and  that  dragged  along  the  bed,  affects 
the  energy  m  three  ways.  (1)  It  adds  its  mass 
to  the  mass  of  the  water  and  increases  the 
stock  of  energy  pro  rata.  (2)  Its  transporta- 
tion involves  mechanical  work,  and  that  work 
is  at  the  expense  of  the  stream's  energ}'.  (3) 
Its  presence  restricts  the  mobiUty  of  the  water, 
in  effect  increasing  its  viscosity,  and  thus  con- 
sumes energy.  For  the  finest  elements  of  load 
the  third  factor  is  more  Important  than  the 
second;  for  coarser  elements  the  second  is  the 
more  important.  For  each  element  the  second 
and  third  together  exceed  the  first,  so  that  the 
net  result  is  a  tax  on  the  stream's  energj^. 
Each  element  of  load,  by  drawing  on  the  supply 
of  energy,  reduces  velocity  and  thus  reduces 
capacity  for  all  parts  of  the  load.  This  prin- 
ciple affords  a  condition  by  which  total  capacity 
is  limited.  Subject  to  this  condition  a  stream's 
load  at  any  time  is  determined  by  the  supply 
of  debris  and  the  fineness  of  the  available 
kuids. 

Flume  transportation. — In  the  experiments 
described  above — experiments  illustrating 
stream  transportation — the  load  traversed  a 
plastic  bed  composed  of  its  own  material. 
Other  experiments  were  arranged  in  which  the 
load  traversed  a  rigid  bed,  the  bottom  of  a 
flume.  Capacities  are  notablj'  larger  for  flume 
transportation  than  for  stream  transportation, 
and  theii-  laws  of  variation  are  different. 
Rolling  is  an  important  mode  of  progi-ession. 
For  rolled  particles  the  capacity  increases  with 
coarseness,  for  leaping  particles  with  fineness. 
Capacity  increases  with  slope  and  usually  with 
discharge  aLso.  but  the  rates  of  increase  are  less 
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than    in   stream   transportation.     Capacity   is 
reduced  by  roughness  of  bed. 

Vertical  velocity  curve. — The  vertical  distri- 
bution of  velocities  in  a  current  is  controlled 
by  conditions.  The  level  of  maximum  velocity 
may  have  any  position  in  the  upper  three- 
fourths  of  the  current.  In  loaded  streams  its 
position  is  higher  as  the  load  is  greater.  In 
unloaded  streams  its  position  is  higher  as  the 


slope  is  steeper,   as  the  discharge  is  greater, 
and  as  the  bed  is  rougher. 

Pitot  tube. — The  constant  of  the  Pitot  veloc- 
ity gage — the  ratio  between  the  head  realized 
and  the  theoretic  velocity  head — is  not  the 
same  in  aU  parts  of  a  conduit,  being  less  near 
the  water  surface  and  greater  near  the  bottom 
or  side  of  the  conduit. 


NOTATION. 


Certain  lettere  are  used  continuouslj'  in  the 
volume  as  symbols  for  quantities,  a  definition 
accompanying  the  first  use.  These  are  ar- 
ranged alphabetically  in  the  following  list, 
with  brief  characterization  and  page  reference. 
The  list  does  not  inchule  letters  used  tem- 
porarily as  symbols  and  defined  in  immediate 
connection  with  their  use;  and  if  the  same 
letter  has  both  temporary  and  cont'uiuous  uses 
only  the  continuous  use  is  here  given. 

Page. 

A A  constant  of  the  Pitot-Darcy  gage.       254 

(A),  (B),  etc Grades    of   debris,    separated    by 

sieves 21 

(.\i  G4),  etc Mixtures  of  debris  grades,  the  let- 
ters and  figures  indicating  com- 
ponents and  proportions 109 

a A  pressure  constant  (Lechalas) .  . .       193 

n Numerical    constant   in   equation 

C=b:,il-aR)Rm 125 

Accents  ('  ^  *  "  ) .  An  accent  over  the  symbol  of  a 
variable  indicates  the  nature  of 
its  influence  on  a  function. 
Thus  A=f(6,  C:,  t),  E)  states 
that  ^-1  is  an  increasing  function 
of  B,  a  decreasing  function  of  C, 
a  maximum  function  of  D,  and  a 

minimum  function  of  £ 96 

h A  constant  in  equation  (109) 191 

V A  constant  depth  in  equation  (21).         88 

5i A  constant  capacity  in  equation 

(10) 64 

62 A  constant  capacity  in  equation 

(54) 129 

63 A.  constant  in  equation  (64) 139 

64 .\.  constant  in  equation  (75) 151 

65 A  constant  in  equation  (91 ) 186 

C Capacity  of  a  stream  for  traction  of 

debris  (in  gm./sec.) 35 

Cr Readjusted  value  of  capacity. . .   141, 151 

c Constant  coefficient  in  y=cx' 99 

Ci Constant  coefficient  in  C=CiS'' . . .       109 

D Mean  diameter  (in  feet)  of  particles 

of  debris 21 

d Depth  of  current  (in  feet) 33 

d Differential  97 

E Efficiency  of  stream  for  traction  of 

debris;   capacity   per  unit  dis- 
charge per  unit  slope;  CIQS 36 

e Base  of  Naperian  logarithms 61 


F Linear  fineness  of  debris;  the  re- 
ciprocal of  Z> 21, 183 

^"2 Bulk  fineness  of  debris;  the  num- 
ber of  particles  in  a  cubic  foot.  21,  183 

ft. /sec Feet  per  second ;  unit  of  velocity . .         34 

ft. '/sec Cubic  feet  per  second;  unit  of  dis- 
charge          34 

g Acceleration  of  gravity 225 

gm./sec Grams  per  second ;  unit  of  load  and 

of  capacity  for  load 34 

S Range  of  fineness 96 

S,  Hi Readings    of    comparator,     Pitot- 
Darcy  gage 254 

/ Synthetic  index  of  relative  varia- 
tion          99 

/, /for  capacity  and  slope 122 

/, /for  capacity  and  discharge 147 

It /for  capacity  and  fineness 153 

I,is /for   capacity   and    depth,  slope 

being  constant 164 

liQ /for  capacity  and  depth,  discharge 

being  constant 164 

In- /for    capacity   and   depth,    mean 

velocity  being  constant 164 

/, /for  efficiency  and  slope 122 

Is /for  capacity  and  slope,  form  ratio 

being  constant 119 

Iv /for  capacity  and  mean  velocity.       157 

/is /for  capacity  and  mean  velocity, 

slope  being  constant 157 

/i(j /for  capacity  and  mean  velocity, 

discharge  being  constant 157 

If.i /for  capacity  and  mean  velocity, 

depth  being  constant 157 

/„ /  for  capacity  and   slope,  width 

being  constant 119 

1 Index    of    relative    variation;  ex- 
ponent in  j/=i'x' 99 

i'l i'  f or  capacity  and  slope 99 

i', t  for  capacity  and  form  ratio 130 

I3 J  for  capacity  and  discharge 141 

if t  for  capacity  and  fineness 153 

j Exponent  in3;=cj;'' 99 

ji Exponent  in  r=c,5'' 109 

A",  I- Constants  of  the  Pitot-Darcy  gage. .       254 

K A  constant  discharge,  correspond- 
ing to  competent  discharge 139 

L Length,  as  a  dimension  of  units. .       139 

/ Load;  mass  of  debris  transported 

through  a  cross  section  per  unit 

time  (in  gm.  sec. ) 35 

M. Mass,  as  a  dimension  of  units.  . . .       139 
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m Exponent  in  C=6.,(l-o-i?)7?"'....  129 

yji, Exponent;  =m+l 128,129 

n Exponent  in  C=6,(^-o)  "....   (il,  (i4,9ii 

n Exponent  in  d=—— 88 

'  '^  S"' 

o Exponent  in  C^b^iQ-n)  ° 139 

p Exponentin  C=b^{F-<f>)'' 151 

p.  e Probable  error S9 

n Ratio  of  circumference  of  circle  to 

diameter 21 

<l> A  constant  linear  fineness,  corre- 
sponding to  competent  fineness.  lyl 

Q Discharge  (in  ft. '/sec") 35 

R Form  ratio;  djw 36 

p Value  of  R  corresponding  to  maxi- 
mum capacity 129 

S Slope,  in  per  cent,  of  stream  bed 

or  water  surface 34 

g Slope   of    stream    bed    or    water 

surface;  =fall  per  unitdistance.  34 


64 
228 
139 


36 
163 


a A  constant  slope,  corresponding  to 

competent  slope 

I Sum  of 

T Time,  as  a  dimension  of  units... 

U. Duty   of   water   (in  gm./sec.)   for 

traction  of  debris;  capacity  per 

unit  dLscharge;  CIQ 

T. Velocity  of  current  (in  ft. /sec.) 

T'j, Velocity  of  stream  at  contact  with 

bed  (Lechalas) 193 

T'to Mean  velocity;  discharge-s-area  of 

cross  section ;  QJdw 33,  94, 155 

Ij Velocity     of    stream     at     surface 

(Lechalas) 194 

J' \'ariable  coefficient  in  y=vx' 99 

I'j Variable  coefficient  in  C=t>i5''  ...        99 

)  3 \'ariable  coefficient  in  C=v//'  .  . .       141 

»■ Width  of  stream  channel  (in  feet)..         67 
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CHAPTER  I.— THE  OBSERVATIONS. 


INTRODUCTION. 

GENERAL   CLASSIFICATION. 

Streams  of  water  carry  forward  debris  in 
various  ways.  The  simplest  is  that  in  which 
the  particles  are  shdden  or  rolled.  Sliding 
rarely  takes  place  except  where  the  bed  of  the 
ehanncl  is  smooth.  Pure  rolling,  in  which  the 
particle  is  continuously  in  contact  with  the 
bed,  is  also  of  small  relative  importance.  If 
the  bed  is  uneven,  the  particle  usually  does  not 
retain  continuous  contact  but  makes  leaps,  and 
the  process  is  then  called  saltation,  an  expres- 
sive name  introduced  by  McGee.'  With  swifter 
current  leaps  are  extended,  and  if  a  particle 
thus  freed  from  the  bed  be  caught  by  an 
ascending  portion  of  a  swirling  current  its 
excursion  may  be  indefinitely  prolonged.  Thus 
borne  it  is  said  to  be  suspended,  and  the  process 
b}-  which  it  is  transported  is  called  suspension. 
There  is  no  sharp  line  between  saltation  and 
suspension,  but  the  distinction  is  nevertheless 
important,  for  it  serves  to  delimit  two  methods 
of  hydraulic  transportation  which  follow  differ- 
ent laws.  In  suspension  the  efficient  factor  is 
the  upward  component  of  motion  m  parts  of  a 
complex  current.  In  other  transportation, 
including  saltation,  roUing,  and  sliding,  the 
efficient  factor  is  the  motion  parallel  with  the 
bed  and  close  to  it.  This  second  division  of 
current  transportation  is  called  by  certain 
French  engineers  entrainement  but  has  received 
no  name  m  EiigHsh.  Being  in  need  of  a  suc- 
cinct title,  I  translate  the  French  designation, 
which  indicates  a  sweeping  or  dragguig  along, 
by  the  word  traction,  thus  classif3'ing  hydraulic 
transportation  as  (1)  hydraulic  suspension  and 
(2)  hydraulic  traction. 

'  McGee,  W  J,  Geol.  Soc.  America  Bull.,  vol.  19,  p.  199,  190S. 


The  bed  of  a  natural  stream  which  carries  a 
large  load  of  debris  is  composed  of  loose  grains 
identical  in  character  with  those  transported. 
The  material  of  the  load  is  derived  from  and 
returned  to  the  bed,  and  the  surface  of  the  bed 
is  molded  by  the  current.  When  debris  is 
tran.sported  tlirough  artificial  channels,  such  as 
flumes  and  pipes,  the  b;'d  is  usually  rigid  and 
unyielding.  Trifling  as  this  difference  a])pears, 
it  yet  occasions  a  marked  contrast  in  the  quan- 
titative laws  of  transportation,  and  in  the  labo- 
ratory the  two  kinds  of  transportation  were  the 
subjects  of  separate  courses  of  experimentation. 
It  is  necessary,  therefore,  for  present  purposes, 
to  base  a  second  classification  of  hv<lraulic 
transportation  on  the  nature  of  the  bottom. 
As  the  bed  is  t^-pically  plastic  in  stream  chan- 
nels and  tii-pically  rigid  in  flumes  and  other 
artificial  charmels,  it  is  convenient  to  call  the 
two  classes  stream  transportation  and  flume 
transportation. 

The  second  classification  traverses  the  first 
and  their  combination  gives  four  di^asions — 
stream  suspension,  stream  traction,  flume  sus- 
peiLsion,  and  flume  traction.  This  report 
treats  of  stream  traction  and  flume  traction. 
It  contains  the  record  and  discussion  of  a 
series  of  experiments  made  in  a  specially 
equipped  laboratory  at  the  University  of  Cali- 
fornia, Berkeley,  in  the  years  1907-1909. 

STREAM    TRACTION. 

PreA-ious  to  the  Berkeley  work  little  was 
known  of  the  cjuantitative  laws  of  stream 
traction.  The  quantity  of  material  trans- 
ported has  sometimes  been  said  to  be  propor- 
tional to  the  square  of  the  slope,  but  I  have 
failed  to  discover  that  the  statement  has  a  re- 
corded basis  in  theory  or  obserA-ation.    A  state- 
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ment  more  frequently  encountered  is  to  the 
effect  that  the  quantity  varies  with  the  sixth 
power  of  the  velocity;  and  the  origin  of  this 
assertion  is  not  in  doubt.  It  is  an  erroneous 
version  of  a  deductive  law  commonly  attribu- 
ted to  Hopkins  (1844)  or  Airy  and  Law  (1SS5), 
although  announced  as  early  as  1823  by  Les- 
lie.^ The  law,  as  formulated  by  Hopkins,  is 
that  "the  moving  force  of  a  current,  estimated 
by  the  volume  or  weight  of  the  masses  of  any 
proposed  form  which  it  is  capable  of  mo^dng, 
varies  as  the  sLxth  power  of  the  velocity"; 
and  this  law  pertains  not  at  all  to  the  quantity 
of  material  moved,  but  to  the  maximum  size 
of  the  grain  or  pebble  or  bowlder  a  given  ciu-- 
rent  is  competent  to  move. 

The  subject  of  the  competence  of  currents, 
or  the  relation  of  velocities  to  the  size  of  par- 
ticles they  can  move,  has  also  been  treated 
experimentally  by  several  investigators,  and 
some  account  of  their  work  will  be  given  in 
later  chapters. 

About  the  year  1883  Deacon  made,  in  Man- 
chester, England,  a  notable  series  of  expeii- 
ments  in  the  field  of  stream  traction.  As  a 
result  of  definite  measurements  of  quantities 
of  sand  transported  and  of  the  velocities  of  the 
transporting  currents,  he  announced  ^  that  the 
amount  transported,  instead  of  varying  with 
the  sLxth  power  of  the  velocity,  as  had  been 
supposed,  actually  varies  with  the  fifth  power. 

In  the  field  of  flume  traction  the  work  has 
been  somewhat  more  extensive,  having  as  its 
special  incentive  the  needs  arising  in  ore  mills 
for  the  conveyance  of  crushed  rock;  and  a 
resume  of  results  will  be  found  in  the  chapter 
on  flume  traction. 

A  still  greater  body  of  investigation  has  been 
conducted  by  German  and  French  engineers 
with  the  use  of  laboratory  models  of  river  chan- 
nels. The  French  work  was  done  largely  for 
the  purpose  of  testmg  certain  rules  formulated 
by  Fargue^  for  the  improvement  of  navigable 
streams.  The  German  experiments  were  and 
stiU  are  addressed  to   the  broader  subject  of 

1  Sir  Jolin  Leslie's  analysis  is  to  be  found  in  his  Elements  of  natural 
philosophy,  and  in  the  edition  of  1829  occiu's  at  pages  42G-127  of  volume  1. 
David  Stevenson  mentions  1823,  which  probably  indicates  the  first 
edition.  William  Hopliins  gives  a  diflerent  analysis  with  practically  the 
same  result ,  and  does  not  mention  Leslie.  The  passage  quoted  occurs  in 
Cambridge  Philos.  Sec.  Trans.,  vol.  8,  p.  233, 1844,  and  is  probably  from 
his  earliest  discussion  of  the  subject.  Wilfred  Airy's  later  but  evidently 
independent  analysis  appears  in  Inst.  Civil  Eng.  Proc,  vol.  82,  pp.  25-2(j, 
1885,  with  e.\pausion  by  Henry  Law  on  pp.  2[>-30. 

'  Deacon,  G.  F.,  Inst.  Civil  Eng.  Proc,  vol.  98,  pp.  93-90, 1894. 

8  i'artue.  L.,  Annales  des  ponts  et  chauss^,  1894. 


river  engineering  in  general  and  include  witliin 
their  scope  the  scientific  study  of  the  ways  in 
wliich  rivers  shape  and  reshape  their  channels. 
The  quantitative  laws  of  stream  traction, 
wliich  constitute  the  chief  theme  of  the  Berke- 
ley work,  thus  faU  witliin  the  province  of  the 
German  investigators,  but  their  study  has  not 
been  taken  up.  There  are  three  German  labo- 
ratories, all  well  equipped,  located  severaUy 
at  Dresden,  Karlsruhe,  and  Berhn.* 

The  flow  of  a  stream  is  a  complex  process, 
involving  interactions  which  have  thus  far 
baffled  mechanical  analysis.  Stream  traction 
is  not  only  a  function  of  stream  flow  but  itself 
adds  a  complication.  Some  realization  of  the 
complexity  may  be  acliieved  by  considering 
briefly  certain  of  the  conditions  which  modify 
the  capacity  of  a  stream  to  transport  debris 
along  its  bed.  Width  is  a  factor;  a  broad 
channel  carries  more  than  a  narrow  one. 
Velocity  is  a  factor;  the  quantity  of  debris 
carried  varies  greatly  for  small  changes  in  the 
velocity  along  the  bed.  Bed  velocity  is  affected 
by  slope  and  also  by  depth,  increasing  with  each 
factor;  and  depth  is  affected  by  discharge  and 
also  by  slope.  If  there  is  diversity  of  velocity 
from  place  to  place  over  the  bed,  more  debris  is 
carried  than  if  the  average  velocity  everywhere 
prevails,  and  the  greater  the  diversity  the 
greater  the  carrying  power  of  the  stream.  Size 
of  transported  particles  is  a  factor,  a  greater 
weight  of  fine  debris  being  carried  than  of 
coarse.  The  density  of  d6bris  is  a  factor,  a 
low  specific  gravity  being  favorable.  The 
shapes  of  particles  affect  traction,  but  the 
nature  of  tliis  influence  is  not  well  understood. 
An  important  factor  is  found  in  form  of  chan- 
nel, efficiency  being  affected  by  turns  and  curv- 
atm"e  and  also  by  the  relation  of  depth  to 
width.  The  friction  between  current  and 
banks  is  a  factor  and  therefore  likewise  the 
nature  of  the  banks.  So,  too,  is  the  viscosity 
of  the  water,  a  property  varying  with  tempera- 
tm-e  and  also  with  impurities,  whether  dis- 
solved or  suspended. 

The  enumeration  might  be  extended,  com- 
ple.xity  might  be  further  illustrated  by  pointing 

<  The  equipment  and  work  of  the  laboratory  of  river  engineering  of  the 
Technical  High  School  of  Dresden  are  discussed  in  the  Zeitschrift  fiir 
Bauwesen,  vol.  SO,  pp.  343-3tiO,  1900,  and  vol.  55,  pp.  664-080,  1905;  the 
equipment  of  the  laboratory  of  the  Technical  High  School  "  Frederici- 
ana"  of  Karlsruhe  in  thesamc  jomnal,  vol.  53,  pp.  103-130, 1903,  and  vol. 
60,  pp.  313-328, 1910;  and  the  equipment  and  work  of  the  Laboratory  for 
River  Improvement  and  Naval  .Architecture,  Berlin,  in  vol.  56,  pp.  123- 
151,  323-324,  1900. 
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out  the  influence  of  conditions  on  one  another, 
and  the  difficulty  of  measuring  the  detrital 
loads  of  streams  might  be  dwelt  upon,  but 
enough  has  been  said  to  warrant  the  statement 
that  an  adequate  analysis  with  quantitative 
relations  can  not  be  acliieved  by  the  mere  obser- 
vation of  streams  in  their  natural  concUtion. 
It  is  necessary  to  supplement  such  observation 
by  experiments  in  which  the  conditions  are 
definitely  controlled. 

OUTLINE      OF     COtTlSE      OF     EXPERIMEXTATIOX. 

In  the  work  of  the  Berkeley  laboratory 
capacity  for  hydrauUc  traction  was  compared 
with  discharge,  with  slope,  depth,  and  width 
of  current,  and  with  fineness  of  debris;  and 
minor  attention  was  given  to  velocity  and  to 
curvature  of  channel.  For  the  principal  ex- 
periments a  straight  trough  was  used,  the  sides 
being  vertical  and  parallel,  the  ends  open,  the 
bottom  plane  and  horizontal.  Through  tliis  a 
stream  of  water  was  run,  the  discharge  being 
controlled  and  measured.  Xear  the  head  of 
the  trough  sand  was  dropped  into  the  water  at 
a  uniform  rate,  the  sand  grains  being  of  approxi- 
mately uniform  size.  At  the  beginning  of  an 
experiment  the  sand  accumulated  in  the  trough, 
being  shaped  by  the  current  into  a  deposit  with 
a  gentle  forward  slope.  The  deposit  gradually 
extended  to  the  outfaU  end  of  the  trough,  and 
eventually  accumulation  ceased,  the  rate  at 
wliich  sand  escaped  at  the  outfaU  having  be- 
come equal  to  the  rate  at  which  it  was  fed 
above.  The  slope  was  thus  automatically 
adjusted  and  became  just  sufficient  to  enable 
the  particular  discharge  to  transport  the  par- 
ticular quantity  of  the  particular  Idnd  of  sand. 
The  slope  was  then  measured.  Measurement 
was  made  also  of  the  depth  of  the  current:  and 
the  mean  velocity  was  computed  from  the  dis- 
charge, width,  and  depth. 

In  a  second  experiment,  with  the  same  dis- 
charge, the  sand  was  fed  to  the  current  at  a 
different  rate,  and  the  resulting  slope  and 
depth  were  cUfferent.  By  a  series  of  such  ex- 
periments was  developed  a  law  of  relation 
between  the  cjuantity  of  sand  carried,  or  the 
load,  and  the  slope  necessary  to  carry  it,  tliis 
law  pertaining  to  the  particular  discharge  and 
the  particular  grade  of  sand.  The  same  ex- 
periments showed  also  the  relations  of  the 
velocity  of  the  current  to  slope  and  load. 
20921°— Xo.  8G— 14 2 


Another  series  of  experiments,  employing  a 
greater  or  a  less  discharge,  gave  a  parallel  set 
of  relations  between  slope,  load,  and  velocity. 
By  multiplying  such  series  the  relations  be- 
tween discharge  and  slope,  discharge  and 
load,  and  discharge  and  velocity  were  de- 
veloped. 

Then  a  tliird  condition  was  varied,  the 
\\-idth  of  channel;  and  finally  the  remaining 
condition  under  control,  the  size  of  the  sand 
grains.  Thus  data  were  obtained  for  studying 
the  quantitative  relations  between  load,  slope, 
discharge,  width,  and  fineness,  as  well  as  the 
relations  of  depth  and  mean  velocity  to  all 
others.  In  all,  the  range  of  conditions  in- 
cluded sLx  discharges,  sLx  mdths  of  channel, 
and  eight  grades  of  sand  and  gravel,  but  not 
all  the  possible  combinations  of  these  were 
made.  The  actual  number  of  combinations 
was  130,  and  under  each  of  these  were  a  series 
of  measurements  of  load,  slope,  and  depth. 
There  were  also  limited  series  of  experiments 
involving  a  greater  number  of  discharges  and 
a  greater  number  of  widths.  The  separate 
determinations  of  load  and  slope  numbered 
nearly  1,200,  and  those  of  depth  about  900. 

SCOPE    OF    EXPERIMENTS. 

Before  proceeding  to  a  fuller  description  of 
apparatus  and  experiments,  let  us  consider  to 
what  extent  the  conditions  of  the  laboratory 
were  representative  of  the  conditions  wliich 
exist  in  the  natural  stream. 

The  sand  used  came  from  the  beds  of  Ameri- 
can and  Sacramento  rivers  and  was  assumed  to 
be  representative  of  river  sand  in  general. 
Xo  attention  was  paid  to  the  influence  on 
traction  of  the  form  and  density  of  grains. 
Each  sample  used  was  separated  from  the 
natural  mixture  by  means  of  two  sieves  and 
was  composed  of  grains  wliich  passed  through 
a  certain  mesh  and  were  arrested  by  a  mesh 
shghtly  smaller.  In  the  sand  carried  by  a 
river  near  its  bed  the  range  of  size  is  much 
■^nder.  The  Hmit  of  coarseness  is  found  in 
those  particles  wliich  the  current  is  barely 
able  to  roU,  the  limit  in  fineness  in  those  par- 
ticles which  the  swii'ls  of  the  current  are  not 
quite  able  to  lift  into  suspension;  and  the 
limits  vary  from  point  to  point  of  the  channel 
bed.  This  difference  in  condition  was  not 
wholly    ignored,    but    a    short    supplementary 
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series  of  experiments  was  made  with  definite 
mixtures  of  sand  of  various  sizes,  as  well  as 
with  a  natural  mixture. 

The  straight  chamiel  of  the  laboratory  differs 
materially  from  the  curved  chamiels  of  nature. 
It  gives  comparatively  uniform  depths  and 
velocities  from  side  to  side  and  from  pomt  to 
point  in  the  du-ection  of  the  flow,  while  in  a 
curved  chamiel  the  depths  and  velocities  vary 
greatly  both  across  and  along  the  channel. 
This  difference  in  condition  also  received  some 
attention,  a  short  series  of  experiments  bemg 
made  with  crooked  and  curved  channels. 

The  vertical  sides  of  the  troughs  did  not  well 
represent  the  sloping  banks  of  rivers,  and  no 
attempt  was  made  to  measure  the  qualification 
due  to  this  difference.  The  cross  section  of 
the  laboratory  current  was  essentially  a  rec- 
tangle and  the  abUity  of  the  current  to  trans- 
port was  found  to  be  defuiitely  related  to  the 
ratio  between  depth  and  width;  but  satisfactory 
connection  was  not  made  between  this  relation 
and  the  forms  of  cross  section  in  rivers. 

The  thalweg  of  a  river  chamiel  traverses  an 
alternation  of  deeps  and  shoals,  the  deeps  being 
characterized  by  a  different  system  of  velocities 
and  by  a  different  Ime  of  separation  between 
the  grades  of  debris  carried  severally  by  sus- 
pension and  traction ;  but  these  contrasts  were 
touched  only  in  a  quahtative  way  in  the  work 
of  the  laboratory. 

Each  experiment  dealt  with  a  slope  in  ad- 
justment with  a  particular  discharge  and  a  par- 
ticular grade  of  sand.  In  a  natural  stream  the 
discharge  is  subject  to  variation,  and  its 
changes  cause  changes  in  the  fineness  of  the 
material  carried  along  the  bottom.  Load  and 
the  local  slopes  are  ever  in  process  of  adjust- 
ment to  the  temporary  conditions  of  discharge 
and  fineness,  but  the  adjustment  is  never  com- 
plete. The  general  or  average  slope  is  adjusted 
to  an  indeterminate  discharge  which  is  neither 
the  smallest  nor  the  greatest.  For  this  phase 
of  disparity  allowance  is  not  easily  made. 

One  of  the  conditions  affectmg  velocities  is 
friction  on  bed  and  sides  of  channel.  Friction 
on  the  bed  depends  partly  on  the  roughness  of 
the  bed  and  partly  on  the  consumption  of 
energy  by  traction.  Its  laws  are  the  same  ui 
laboratory  and  m  river.  Friction  on  the  sides 
depends  on  the  character  of  the  channel  wall 
and  must  be  materially  greater  on  river  banks 
than  on  the  smooth  sides  of  the  experiment 


trough.  The  magnitiRle  of  the  difference  was 
not  determined.  Velocities  are  affected  by  the 
viscosity  of  the  water,  variations  in  this  factor 
beuig  caused  by  differences  ui  temperature  and 
by  impurities  m  solution  and  m  suspension. 
The  transportation  of  small  particles  is  affected 
by  adhesion,  a  property  varying  with  the  min- 
eral character  of  the  particles  and  with  the 
impurities  of  the  water.  These  factors  were 
ignored  but  are  probably  negligible  in  com- 
parison with  the  factors  tested.  It  may  be 
mentioned,  however,  that  the  water  of  the 
laboratory  was  practically  free  from  sus- 
pended material,  whereas  that  of  rivers  is  usu- 
ally higlily  charged  at  the  time  of  most  active 
traction. 

These  comparisons  serve  to  show  that  the 
investigation  treats  of  a  group  of  important 
factors  of  the  general  problem  of  stream 
traction  but  by  no  means  comprehends  all. 
Its  results  constitute  only  a  contribution  to 
the  subject. 

ACCESSORY    STUDIES. 

Incidental  and  accessory  to  the  main  in- 
quiry were  a  number  of  minor  inquiries.  One 
pertained  to  the  Pitot  tube,  a  second  to  other 
methods  of  measuring  Aelocity  near  the  bot- 
tom, a  third  to  the  relation  between  the  mean 
velocity  of  a  loadless  stream  and  the  rough- 
ness of  its  channel  bed,  and  a  fourth  to  the 
inechanical  process  of  hydraulic  traction. 

FLUME    TRACTION. 

In  the  experiments  on  flume  traction  the  bed 
of  the  channel  was  not  composed  of  loose 
debris  but  was  the  unyielding  bottom  of  the 
trough.  The  same  apparatus  was  used,  with 
appropriate  modifications.  In  each  experi- 
ment slope  of  channel  was  predetermined,  the 
trough  being  placed  with  definite  inclination. 
The  bed  of  the  channel  was  given  a  definite 
quality  of  roughness  or  smootlmess,  and  the 
material  of  the  load  was  of  a  particular  fine- 
ness or  of  a  defuiite  niLxture  of  sizes.  With  a 
definite  discharge  flowing  through  the  trough, 
debris  was  fed  to  the  current  at  a  definite  rate, 
and  the  rate  was  gradually  increased  until 
dogging  occurred.  The  rate  of  feed  just  be- 
fore clogging  was  then  recorded  as  the  maxi- 
mum load  under  the  particular  conditions. 
The  series  of  experiments  used  two  ^v^dths  of 
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channel,  five  textures  of  channel  bed,  six  dis- 
charges, and  seven  grades  of  sand  and  gravel, 
besides  niixtures.  There  were  nearly  300  de- 
terminations of  ](iad. 

APPARATUS  AND  MATERIAI,. 

EXPERIMENT    TROUGHS. 

The  trough  in  which  most  of  the  experiments 
were  made  was  of  wood,  31.5  feet  long,  with  an 
inside  width  of  1.96  feet.  The  height  of  the 
sides  was  1.8  feet  at  the  head  and  1  foot  at  the 
end,  the  change  being  made  by  a  series  of  steps. 
Its  proportions  and  general  relations  are  illus- 
trated by  figure  1.  The  surfaces  were  planed 
and  painted.  At  the  head,  where  water 
entered,  the  trough  was  connected  ^\dth  a 
tank  by  a  flexible  joint,  a  groove  of  the  under 
side  of  the  trough  bottom  resting  on  a  semi- 
cylindric  member  of  the  tank,  so  as  to  consti- 


tute a  liinge,  and  the  walls  of  the  trough  being 
connected  with  the  sides  of  the  tank  by  a  sheet 
of  flexible  rubber.  Here  also  was  a  gate  by 
which  the  flow  from  the  tank  could  be  stopped. 
Close  to  the  opposite  end  of  the  trough  was  a 
cross  trough  11  feet  long,  2.5  feet  wide,  and  3 
feet  deep,  rigidly  attached  to  the  experiment 
trough  and  extending  below  it.  A  rectangular 
opening  in  the  bottom  of  the  experiment 
trough,  an  opening  having  the  width  of  that 
trough,  permitted  sand  in  transportation  by 
the  current  to  sink  into  the  cross  trough,  which 
contained  boxes  to  receive  it.  The  width  of 
the  experiment  trough  was  varied  by  means 
of  a  longitudinal  partition  which  was  given 
various  positions.  Its  width  at  the  end  was 
also  varied  by  means  of  two  oblique  partitions, 
the  "outfall  contractor,"  which  merged  with 
the  sides  a  few  feet  from  the  end  and  could  be 
adjusted  as  desired.     For  certain  experiments 


FIGDBE  1.— Diagrammatic  view  of  shorter  experiment  trough,  showing  relations  to  stilling  tank  (A ),  cross  tank  (B),  and  settling  tank  (  O- 


false  bottoms  were  added,  with  surfaces  spe- 
cially prepared  as  to  roughness.  These  w  ill  be 
specifically  described  in  connection  with  the 
corresponding  observations.  A  second  trough, 
having  the  same  function  as  the  one  just  de- 
scribed was  150  feet  long  but  similar  in  width 
and  style.  Its  sides  were  higher  and  it  was 
not  hinged  at  the  head  but  remained  horizon- 
tal. By  temporary  arrangements  of  parti- 
tions curved  and  crooked  channels  1  foot 
wide  were  constructed  within  this  trough. 
The  shorter  trough  was  installed  in  the  base- 
ment of  the  Mining  Building  of  the  Universitj' 
of  California;  the  longer  one  on  the  campus 
nearby.  (See  PI.  I,  frontispiece.)  The  longer 
trough  was  remodeled  for  the  experiments  on 
flume  traction. 

A  third  trough  14  feet  long  and  0.67  foot 
wide  had  its  wooden  sides  replaced  for  a  space 
of  3.5  feet,  at  midlength,  by  plate  glass,  so 
that  observation  could  be  made  from  the  side. 
It  was  provided  with  a  sliding  diaphragm, 
to  be  described  in  another  place. 


A  fourth  trough,  of  iron,  was  used  only  in  the 
experiments  on  flume  traction  and  will  be 
described  in  connection  with  those  experunents. 

A  few  experiments  w-ere  made  also  in  a 
trough  carrying  the  waste  water  of  the  150-foot 
trough.     This  had  a  width  of  0.915  foot. 

WATER    SUPPLY. 

The  water  was  taken  from  the  municij)al 
mains  of  Berkeky.  As  it  was  not  practicable 
to  draw  freely  on  this  source,  a  moderate 
supply  was  made  to  serve  for  a  long  series  of 
experiments,  being  stored  in  a  sump  and 
pumped  up  as  required.  Bj^  repeated  use  it 
acquired  a  certain  amount  of  fine  detritus  in 
suspension,  but  the  quantity  was  not  sufficient 
to  obstruct  the  view  of  the  experiments — or 
rather,  when  it  w-as  found  obstructive,  a  fresh 
suppl}'  of  clear  water  was  substituted. 

THE    W.\TER    CIRCUIT. 

Starting  from  the  storage  tank  or  sump, 
the  water  was  lifted  by  a  power  pump  to  a 
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high  trough  13  feet  above.  In  passing  through 
tliis  trough  it  was  first  quieted  by  baffles 
and  then  regulated  as  to  surface  level  by 
means  of  a  spillway  about  13  feet  wide,  the 
overflow  returning  directly  to  the  sump.  At 
the  end  it  sank  slowly  through  a  vertical 
shaft,  or  leg,  whence  it  issued  in  a  jet  through 
an  aperture  regulated  by  a  measurmg  gate. 
After  spendmg  its  force  against  a  water  cushion 
it  passed  through  a  stilling  tank  and  then 
through  the  experiment  trough.  From  that 
it  fell  a  short  distance  to  a  settling  tank,  and 
thence  retiu-ned  to  the  sump. 

In  figure  2  the  circuit  is  shown  diagram- 
mat  ically  but  without  accuracy  as  to  the 
arrangement  and  relative  sizes  of  the  parts  of 
the  apparatus. 


DISCHARGE. 

For  the  control  and  determination  of  the 
discharges  used  in  the  experiments,  a  measur- 
ing gate  was  provided.  Near  the  lower  end 
of  the  vertical  leg  of  the  high  trough  the  water 
issued  through  a  rectangular  opening  in  a 
brass  plate.  The  gate,  also  of  brass,  slidmg 
along  the  plate,  controlled  the  size  of  the 
opening,  its  motion  being  given  by  rack  and 
pmion  and  its  position  shown  by  a  suitable 
scale.  The  head  was  about  6  feet  and  was 
determinate.  The  gate  and  its  cahbration 
are  described  in  Appendix  B  (pp.  257-259). 

Tlie  head  was  regulated  by  means  of  the 
spillway  in  the  high  trough,  and  the  amoimt  of 
overflow  on  the  spillway  was  controlled  by  a 


Sump 


Figure  2. — Diagram  of  water  circuit. 


gate  valve  in  the  supply  pipe  just  above  the 
pump.  As  a  check  on  the  control,  the  posi- 
tion of  the  water  surface  was  shown  in  an 
inclined  glass  tube  outside  of  the  high  trough. 
The  index  tube  being  nearly  horizontal,  its 
meniscus  had  a  magnified  motion  and  the 
condition  of  the  head  could  be  seen  at  a 
glance.     (See  fig.  88,  p.  257.) 

SAND    FEED. 

Above  the  experunent  trough,  and  near  its 
head,  was  a  hopper-shaped  box  from  which 
sand  was  delivered  to  the  current  in  the  trough. 
The  box  ended  downward  in  an  edge  which 
stood  transverse  to  the  trough.  Along  this 
edge  were  a  series  of  upenings  whose  size  was 
determined  by  a  movable  notched  plate  of 
brass.  Water  was  supplied  to  the  sand  in  the 
hopper,  both  at  the  top  and  near  the  bottom, 


the  amount  being  regulated  by  valves.  This 
water  came  from  a  small  reservoir  that  was 
kept  full  by  diverting  part  of  the  jet  issuing 
from  the  measuring  gate,  and  its  use  therefore 
added  nothing  to  the  measuretl  discharge. 

For  some  of  the  experunents  debris  was  fed 
by  hand,  the  quantity  being  regidated  by 
means  of  a  measuring  box  and  a  watch. 

SAND    ARRESTER. 

The  cross  trough  attached  to  the  experiment 
trough  and  extending  below  it  (see  figs.  1  and  2) 
had  along  its  bottom  a  track  on  which  moved  a 
platform  car.  Tliis  car  carried  two  iron  boxes 
to  receive  the  sand.  The  boxes  were  rectan- 
gular and  a  little  broader  than  the  experunent 
trough.  Openings  protected  by  wire  gauze  per- 
mitted water  to  dram  from  them  when  they 
were  lifted  out. 
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SETTLING   TANK. 

The  function  of  the  settling  tank  was  to 
catch  sand  which  was  carried  past  the  cross 
trough.  It  was  fitted  with  a  system  of  parti- 
tions providuig  two  alternative  courses  through 
which  the  stream  could  be  turned,  and  with  a 
liingeil  partition — the  "deflector" — l)y  which 
the  diversion  was  made. 

GAGE    FOK    DEPTH    MEASUREMENT. 

A  frame  resting  on  the  experunent  trough 
bore  in  vertical  position  a  slender  brass  rod. 
This  was  raised  and  loweietl  by  lack  and 
pinion,  and  its  relative  height  could  be  read  on 
a  scale.  Depth  of  water  was  measured  by 
reading  the  scale  first  with  the  rod  end  at  the 
water  surface  and  again  with  it  at  the  debris 
surface. 

LEVEL   FOR    SLOPE    MEASUREMENT. 

A  surveyors'  level  stood  a  few  yards  from  the 
trough,  about  equally  distant  from  the  ends, 
and  was  used,  with  a  light  rod,  to  measure 
relative  heights  for  the  deterinmation  of  slopes 
of  water  surface  and  sand  surface. 

PITOT-DARCY    GAGE. 

A  pressure-gaging  apparatus  of  the  Pitot- 
Darcy  type,  but  of  special  pattern,  was  used 
to  measure  velocities  of  current.  Its  two  aper- 
tures were  directed  severally  upstream  and 
downstream.  Its  external  form  was  designed 
to  give  the  least  possible  resistance  to  the  cur- 
rent. The  reading  scale,  with  rubber-tube 
connection,  had  a  fixed  position,  while  the 
receiving  member  was  moved  from  point  to 
point.  A  fuller  description  is  contained  in 
Appendix  A  (pp.  251-256). 

SAND    AND    GRAVEL. 

The  del>ris  used  ui  the  experunents  was 
obtained  from  three  streams — Sacramento 
River  7  miles  below  the  mouth  of  the  American, 
American  River  8  miles  above  its  mouth,  and 
Strawberry  Creek  m  Berkeley.  The  debris 
from  the  creek  was  relatively  coarse  and  was 
used  onl}'  in  the  experunents  on  flume  trac- 
tion. The  mean  density  of  the  river  material 
was  2.69;  that  of  the  creek  gravel  2.5.3.  The 
forms  of  the  grauis  of  sand  are  shown  ui  Plate 
II.  To  prepare  the  debris  for  use  it  was  sorted 
into  grades  by  a  system  of  sieves,  and  in  the 
laboratory  records  each  grade  was  designated 
bv    the    limiting    sieve    numbers.     Thus    the 


grains  of  the  40-50  grade  passed  through  a 
sieve  with  40  meshes  to  the  inch  and  were 
caught  by  a  sieve  with  50  meshes  to  the  inch. 
For  the  sake  of  brevity  the  grades  are  com- 
monly iiulicated  in  this  report  by  letters  in 
parentheses — (A),  (B),  etc.— and  the  same 
notation  is  extended  to  mixtures  of  two  or  more 
sizes.  Neither  of  these  notations,  however,  is 
suited  for  the  mathematical  discussion  of  the 
laboratory  data,  and  three  others  were  devised. 
These  are,  first,  the  mean  diameter  of  particles, 
designated  by  D;  second,  the  reciprocal  of  the 
mean  diameter,  or  the  number  of  particles,  side 
by  side,  m  a  row  1  foot  long,  designated  by  F; 
third,  the  number  of  particles  necessary  to 
occupy,  without  voids,  the  space  of  1  cubic 
foot,  designated  by  F^.  In  the  sense  that  the 
notation  of  D  distinguishes  by  magnitudes,  the 
notations  of  F  and  F^  distmguish  by  mini- 
tudes.  F  is  otherwise  called  linear  fineness, 
and  F2  hullc  fineness. 

To  determme  the  several  constants  for  a 
grade  of  debris,  a  sample  was  weighed  and  its 
particles  were  coimted.  Then,  N  bemg  the 
number  of  particles  in  the  sample,  IF  their 
weight,  G  Their  density,  and  TFo  the  weight  of 
a  cubic  foot  of  water, 


F,= 


NO  Wo 
W 


Definmg  mean  diameter  as  the  diameter  of  a 
sphere  having  the  volume  of  the  average 
particle — 


In  the  following  table  the  grades  of  sand  and 
gravel  are  characterized  by  the  several  nota- 
tions. 

Table  I. — Grades  of  dibrig. 


Sieves 
used  in 

D,  mean 

F,  num- 

Grade 

diame- 

ber of 

Fjy  number  of 

Range 

Range 
ot  F,. 

separa- 
tion 
(meshes 
to  1  inch). 

ter  of 

particles 

particles  to 

o(D 

name. 

particles 
(foot). 

to  linear 
foot. 

cubic  foot. 

OT  F. 

(A)... 

50-60 

0.00100 

1.002 

1.910,000.000 

1.13 

1.44 

(B)... 

40-50 

.00123 

812 

1.023.000.000 

1.17 

1.60 

(C).... 

30-iO 

.00166 

602 

417,000.000 

1.44 

2.99 

D)... 

20-30 

.00258 

388 

111.500.000 

1.56 

3.80 

E)... 

10-20 

.00561 

178 

10,770,000 

1.95 

7.41 

F). . . 

6-8 

.0104 

95.9 

1.685.000 

1.40 

2.74 

G)... 

4-6 

.0162 

61.8 

451.000 

1.43 

2.92 

(H)... 

3-4 

.0230 

43.4 

156,000 

1.36 

2.51 

(I)... 

1-  2 

.0547 

[18.  31 

11,900 

[2.001 

[8.00 

(J)..-- 

}-l 

.110 

[9.11 

1,440 

[2.001 

8.00 

(K)... 

\-i 

.200 

5.0] 

239 

[1.50] 

3.37 
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The  sixth  cohimii  of  the  table  contains  an 
index  of  the  range  in  diameter  within  each 
grade,  and  this  is  also  the  range  in  linear  fine- 
ness. The  index  is  the  ratio  between  the 
diameters  of  the  apertures  of  the  two  sieves  by 
means  of  which  the  grade  was  separated.  It 
would  express  accurately-  the  ratio  of  the 
diameter  of  the  largest  particle  to  that  of  the 
smallest  particle  in  the  same  gi-ade  if  all  the 
particles  were  spherical,  or  if  all  had  precisely 
the  same  shape.  But  there  are  actual  differ- 
ences of  form  sufficient  to  modify  materially  the 
character  of  the  separation.  For  the  same 
mean  diameter  a  prolate  form  will  pass  a  sieve 
that  will  arrest  a  sphere,  and  an  oblate  form 
may  be  arrested  where  a  sphere  will  pass.  By 
reason  of  this  qualifying  condition,  the  actual 
range  is  somewhat  greater  than  the  tabulated 
estimate.  The  range  for  bulk  fineness,  given  in 
the  last  column,  is  the  cube  of  the  range  of 
linear  fineness. 

METHODS  OF  EXPERIMENTATION. 

The  methods  here  described  are  those  used  in 
the  investigation  of  stream  traction.  Those 
used  in  studying  flume  traction  are  set  forth  in 
the  chapter  on  that  subject. 

GENERAL    PROCEDITIE     FOR    A    SINGLE     EXPERI- 
MENT. 

The  experiment  trough  stands  horizontal. 
The  width  of  channel  has  been  fixed  by  the 
placing  or  the  omission  of  the  partition.  The 
head  gate  is  open.  The  openings  in  the  hopper 
have  been  set  to  a  particular  size.  The  outfall 
contractor  has  been  adjusted  to  a  width  pre- 
viously found  suitable  for  the  conditions  of  the 
experiment.  The  two  sand-catching  boxes 
stand  on  the  car,  one  of  them  being  in  position 
under  the  openmg  in  the  trough  bottom. 

The  pump  is  started.  The  measuring  gate  is 
opened  until  its  index  reaches  the  point  corre- 
sponding to  the  desired  discharge.  A  valve 
associated  with  the  pump  is  turned,  if  neces- 
sary, to  adjust  the  water  level  in  the  high 
trough.  When  the  flow  in  the  experiment 
trough  has  become  steady,  or  nearly  steady,  the 
sand  feed  is  started  by  opening  the  valves 
which  admit  water  to  the  hopper. 

The  "run"  has  now  begun,  and  it  is  con- 
tinued without  change  until  the  slope  of  the 
deposit    constituting    the    channel    bed    has 


become  stable.  The  car  in  the  cross  trough  is 
now  moved  so  as  to  bring  the  reserve  sandbox 
into  position,  a  stop  watch  is  started,  and  the 
deflector  in  the  settling  tank  is  shifted.  These 
changes  begui  the  period  of  load  measurement. 
During  this  period  measurements  are  made  of 
the  depth  of  the  current  and,  under  certain 
conditions,  of  the  slope  of  the  water  surface, 
and  the  character  of  the  sand  bed  is  recorded. 
The  measuring  period  is  termmated  by  again 
shifting  the  sand  boxes  and  the  deflector,  and 
the  watch  is  stopped.  The  head  gate  is  now 
closed,  sand  feed  and  pump  are  stopped,  and 
the  discharge-measuring  gate  is  closed.  Next 
the  slope  of  the  channel  bed  is  measured,  and 
the  sand  caught  during  the  period  recorded  by 
the  watch  is  weighed. 

DETAILS    OF    PROCEDURE. 

In  the  following  paragraphs  some  details  and 
variants  will  be  described,  with  comments  on 
methods  and  apparatus.  As  the  investigation 
had  no  precedents  to  follow,  its  methods  were 
necessarily  developed  by  a  process  of  trial  and 
and  failure.  Many  defects  of  method  were 
remedied  as  the  work  went  on.  A  few  that  were 
recognized  after  much  work  had  been  done  were 
tolerated  to  the  end,  because  their  correction 
would  have  made  the  body  of  results  less  homo- 
geneous. 

WIDTH  OF  CHAiraSL. 

The  full  width  of  the  31-foot  trough  and  the 
1.50-foot  trough  was  1.96  feet.  By  the  use  of 
partitions  the  channel  was  given  widths  ap- 
proximately two-thirds,  one-half,  one-third, 
two-nintlis,  and  one-ninth  of  a  full  ^\ddth.  The 
scale  of  width  was,  in  feet,  0.23,  0.44,  0.66,  1.00, 
1.32,  1.96.  A  few  experiments  employed  also 
the  widths  1.2,  1.4,  1.6,  and  1.8  feet. 

DISCHARGE. 

As  the  disciiarge  was  determined  by  flow 
tlirough  an  aperture  of  adjustable  size,  under  an 
adjustable  head,  the  precision  of  its  measure- 
ment involved  (1)  the  precision  of  setting  the 
gate  at  the  aperture,  (2)  the  precision  of  cali- 
brating the  aperture  for  different  positions  of 
the  gate,  and  (3)  the  precision  of  adjusting  the 
head. 

The  rating  (described  in  Appendix  B)  was 
eiTected  by  a  volumetric  method,  believed  to  be 
adequate,  the  average  probable  error  of  its 
determinations  being  about  1  in  500. 
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The  gate  was  set  bj"  bringing  an  index  mark 
opposite  a  graduation  marlv  on  a  scale,  the  two 
marks  being  on  brass  plates  in  contact.  The 
gate  was  controlled  by  rack  and  pinion,  and 
considerable  force  was  necessary  to  move  it. 
The  limit  of  error  may  have  been  0.002  foot. 
The  ordinary  error  is  believed  to  have  been  less 
than  0.001  foot.  An  error  of  0.001  foot  in  the 
setting  would  cause  an  error  of  0.002  ft.Vsec,  or 
^  of  the  medium  discharge. 

The  determination  of  head  is  subject  to  an 
ac<'idcntal  error  and  a  systematic  error.  The 
accidental  error  pertains  to  the  adjustment  of 
water  level  in  the  high  trough,  by  means  of  the 
valve  at  the  pump,  with  observation  of  tlie 
tube  index  of  water  level.  It  was  possible  to 
give  this  adjustment  a  refinement  comparable 
-with  that  of  the  hook  gage,  but  in  practice  that 
refinement  was  not  attained,  because  a  close 
watch  was  not  kept  on  the  index.  It  was 
found  by  experience  that  the  fluctuations  of 
level  (occasioned  by  fluctuations  of  the  electric 
current  supplying  power  to  the  pump)  were 
small,  and  they  were  usually  neglected,  a  pra<-- 
tical  calibration  of  the  valve  at  the  pump  being 
arranged  so  that  it  could  receive  the  proper 
setting  for  each  setting  of  the  discharge  meas- 
uring gate.  The  ordinary  error  of  the  adjust- 
ment of  the  head  is  estimated  at  0.003  foot, 
wliich  would  occasion  an  error  in  the  discharge 
of  1  in  4,000. 

The  remaining  possibility  of  error  is  con- 
nected with  the  history  of  the  apparatus.  At 
the  time  of  the  calibration  of  the  measuring 
gate  the  laboratory  occupied  temporary  quar- 
ters. In  its  removal  to  permanent  quarters 
there  was  a  measurement  and  readjustment  of 
the  vertical  distance  constituting  the  head. 
Also,  for  the  work  with  the  long  trough  the 
measuring  gate  was  transferred  to  a  replica 
of  the  high  trough,  which  may  have  differed 
iu  some  particular  affecting  the  constants.  As 
the  work  of  calibration  was  at  no  tune  re- 
peated, there  was  no  check  on  the  errors  which 
may  have  been  thus  introduced.  In  a  gen- 
eral way,  they  are  probably  of  the  same  order 
of  magnitude  as  the  errors  of  adjustment 
of  water  surface.  It  is  believed  that  all  other 
errors  affecting  discharge  are  small  in  compari- 
son with  that  connected  with  the  measuring 
gate. 

The  vertical  width  of  the  aperture  by  which 
discharge  was  regidated  was  2   inches.     The 


head,  measured  from  the  middle  of  the  aper- 
ture, was  6.0  feet.  The  horizontal  dimensions 
of  the  aperture,  during  experimental  work, 
ranged  from  0.1  inch  to  6.0  inches,  and  the  cor- 
responding discharges  are  given  in  the  follow- 
ing table : 

Table  2. — Gale  readings  and  correx ponding  dischargea. 


Gate 
opening 
(inches). 

Discharge 
(tt.=/sec.y 

Gate 
opening 
(inches). 

Discharge 

(ft.J/sec.) 

0.1 
.2 
.3 
.4 

.5 
.6 

'.8 
.9 
1.0 
1.1 
1.2 
1.3 
1.4 

0.019 
.039 
.058 
.075 
.093 
.111 
.128 
.146 
.164 
.182 
.200 
.218 
.237 
.255 

u 

1.7 
1.8 
1.9 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 

0.272 
.290 
.308 
.327 
.345 
.363 
.454 
.545 
.639 
.734 
.828 
.923 
1.021 
1.119 

THE  FEEDING  OF  SASD. 


The  fact  that  the  hourglass  has  been  used  to 
measure  time  suggests  that  the  flow  of  dry 
sand  through  an  aperture  may  be  uniform. 
Such  a  flow  was  not  tested  in  the  laboratory 
because  the  plan  for  experimentation  required 
that  sand  should  be  used  over  and  over,  and 
it  was  not  practicable  to  dry  it.  The  hopper 
was  a  device  intended  to  produce  a  uniform 
flow  of  wet  sand.  Moist  sand  will  not  flow 
tlirough  a  small  opening;  but  if  enough  water 
is  present  to  more  than  fill  the  voids,  adhesion 
is  overcome  and  flow  takes  place,  as  in  a  quick- 
sand. The  freedom  of  the  flow  depends  on  the 
amount  of  water.  It  was  found  difficult  to 
mauitam  a  uniform  condition  in  the  hopper, 
.inother  difficulty  arose  from  cloggmg  of  the 
openings,  and  tliis  was  occasioned  by  shreds  of 
wood  fiber  and  similar  impurities  in  the  sand. 
The  second  difficulty  was  largely  obviated, 
after  a  time,  by  making  the  opemngs  larger 
and  fewer;  but  the  hopper  feeding  was  at  best 
not  sufficiently  uniform  to  be  used  in  measur- 
ing the  load  carried  by  the  experunental 
stream. 

For  all  experunents  in  wliich  a  large  quantity 
of  debris  was  carried,  the  material  was  fed  to 
the  current  by  hand  and  was  measured  in  the 
feeding.  A  small  box  of  knowm  capacity  was 
filled  with  the  material  and  emptied  into  the 
current  at  regular  intervals  timed  by  a  watch 
or  clock.  If  the  interval  was  long,  the  meas- 
ured unit  was  dumped  on  a  sloping  table  above 
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the  trough  and  gradually  fed  to  the  current  by 
means  of  a  scraper.  Hand  feeding  had  the 
defect  of  discontmuity,  as  well  as  ii-regularity 
in  detail,  but  it  had  the  advantage  of  measure- 
ment, and  in  certain  experiments  its  meas- 
urement of  load  gave  an  important  check  on 
the  measurement  of  debris  delivered  at  the 
outfall  end  of  the  trough.  With  a  perfect  and 
stable  adjustment  of  conditions  the  two  should 
agree,  and  their  disagreement  served  to  show 
that  the  slope  of  the  channel  bed  had  not 
become  perfectly  adjusted,  or  else  that  its 
adjusted  condition  was  subject  to  rhythmic 
oscillation. 

In  some  of  the  later  work  the  rate  of  feed 
was  measured  from  time  to  time  by  inter- 
cepting the  stream  of  sand  falling  from  the 
hopper  durmg  a  definite  number  of  seconds  and 
weighing  the  sample  thus  caught. 

THE  COLLECTION  OF  SAND. 

In  the  original  construction  of  the  apparatus 
for  arresting  the  sand  the  opening  in  the 
bottom  of  the  trough  was  covered  by  a  coarse 
wire  screen,  which  lay  flush  with  the  trough 
bottom.  This  was  intended  to  separate  the 
current  above  from  the  still  water  below  and 
prevent  the  formation  of  eddies,  which  might 
keep  the  sand  from  setthng  to  the  collecting 
box  and  might  also  check  the  current.  It 
fulfilled  its  purpose  and  was  altogether  satis- 
factory for  currents  of  moderate  velocity,  but 
with  high  velocities  it  interfered  ■with  the 
arrest  of  the  sand,  letting  a  considerable 
fraction  pass  on  to  the  settling  tank.  It  was 
accordingly  removed,  apparently  without  bad 
results.  Eddies  were  formed,  but  the  antici- 
pated difficulties  were  not  realized. 

On  the  whole  the  apparatus  for  arresting 
sand  was  successful.  It  was  only  with  the 
finer  debris  and  at  the  highest  velocities  that 
the  fraction  of  load  escaping  to  the  settlmg 
trough  was  too  large  to  be  neglectetl  in  the 
weighing. 

DETERMINATION  OF  LOAD. 

The  sand  collected,  in  sand  box  and  settlmg 
tank,  during  the  period  recorded  by  the  stop 
watch  was  weighed  without  drying,  and  the 
gross  weight  was  afterward  corrected  by  an 
allowance  for  the  contained  water.  In  order 
to  determine  the  proper  allowance  a  prelimi- 
nary study  had  been  made,  and  as  a  result  of 


that  study  a  definite  procedure  was  adopted 
for  bringmg  the  wet  sand  to  a  particular 
' ' standard ' '  condition.  After  the  sand-collect- 
ing box  had  been  lifted  from  the  trough  all 
water  which  would  drain  from  it  by  gravity 
alone  was  allowed  to  escape.  It  was  then 
removed  to  smaller  boxes  for  weighing.  These 
boxes  were  jarred  by  tapping,  which  caused 
the  sand  grains  to  readjust  their  contacts  and 
settle  together,  excluding  a  part  of  the  inter- 
stitial water,  which  appeared  at  the  surface 
and  was  poured  off.  The  sand  was  then 
weighed.  It  is  of  interest  to  note  that  in  the 
concUtion  thus  adopted  as  a  convenient  stand- 
ard sand  occupies  less  space  than  when  dry, 
moist,  or  supersaturated;  its  voids  are  at  a 
minimum. 

The  period  recorded  by  the  stop  watch  was 
ordinarily  about  10  mmutes  but  was  made  less 
when  the  current  was  most  heavily  loaded, 
because  of  the  lunited  capacity  of  the  sand- 
collecting  box,  and  was  extended  for  the 
lightest  loads.  Its  beginning  was  sharply 
defined  by  the  shifting  of  the  sand  boxes, 
which  could  be  made  to  coincide  within  a 
second  with  the  starting  of  the  watch.  Its 
end  was  somewhat  less  definite,  but  the  error 
hi  time  is  believed  to  be  small  m  comparison 
with  the  whole  period. 

The  load  per  second  was  computed  by 
dividing  the  total  load,  namely,  the  corrected 
weight  of  sand,  by  the  number  of  seconds  in 
the  stop-watch  reading.  Its  error  included 
(1)  the  error  of  timing,  (2)  the  error  of  stand- 
ardizuig  the  sand  and  correcting  for  contained 
water,  and  (3)  the  error  in  weighing.  There 
are  no  definite  data  bearmg  on  its  amount, 
and  nothmg  better  can  be  recorded  than  a 
general  impression  that  the  results  are  reliable 
wathin  2  per  cent,  that  the  precision  is  lower 
than  that  of  the  discharge  measurement,  and 
that  the  error  in  determination  of  load  is 
notably  less  than  the  error,  presently  to  be 
considered,  in  correlatmg  load  with  slope. 

When  the  rate  of  feed  was  regulated  by  the 
periodic  contribution  of  a  measureful  of  de- 
bris, the  weighings  of  the  vmit,  from  time  to 
time,  showed  inequalities  from  wMch  precis- 
ion could  be  estimated.  A  computation  indi- 
cated the  average  probable  error,  for  a  run,  as 
about  1  per  cent.  This  depended  chiefly  on 
the  standardization,  and  as  that  was  less  per- 
fect for  the  debris  as  fed  than  for  the  debris 
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as  collected,  the  ordinary  measurement  of  col- 
lected load  is  presumably  affected  by  a  smaller 
probable  error. 


the  outfall  contractor.  The  theory  and  effi- 
ciency of  the  contractor  will  be  considered  in 
the  discussion  of  the  slope  errors. 


DETERMINATION  OF  SLOPE. 


The  observations  of  slope  were  made  with 
surveyors'  level  and  rod.  The  rod,  made  for 
the  purpose,  without  unnecessary  length  or 
weight,  was  graduated  to  hundredths  of  a  foot 
and  read  by  eye  estimate  to  thousandths.  It 
was  held  by  an  assistant  while  the  observer 
and  recorder  stood  at  the  telescope.  The  po- 
sitions were  determined  by  a  graduation  of  the 
trough,  which  was  marked  at  every  foot.  To 
measure  the  water  slope,  heights  of  the  sur- 
face were  taken  at  several  points  along  the 
trough.  To  measure  the  sand  slope,  heights 
were  taken  at  intervals  of  either  2  or  4  feet,  the 
shorter  interval  being  used  with  the  shorter 
trough.  The  water  slope  could  not  be  meas- 
ured when  the  surface  was  rough.  \Vlien  the 
debris  surface  was  rough,  \i  was  usually  graded 
befoie  measurement  by  scraping  from  crests 
into  adjacent  hollows. 

The  observed  heiglits  were  plotted  on  section 
paper,  with  relativeh'  large  vertical  scale,  and 
a  straight  line  was  drawn  through  or  among 
them.  The  Ime  served  the  purpose  of  a  pre- 
liminary determination  of  slope,  and  the  plots 
were  inspected  for  the  detection  of  systematic 
orrore.  As  a  result  of  this  inspection  a  portion 
of  the  profile  was  selected  for  the  determina- 
tion of  slope,  and  from  the  observations  on  this 
portion  the  slope  was  computed  by  least- 
squares  method. 


CONTRACTOR. 


As  will  be  explained  more  fulh'  in  another 
connection,  the  slope  measurements  were  af- 
fected (1)  hj  sj'^stematic  errore  connected  with 
the  conditions  under  which  the  water  entered 
and  escaped  from  the  trough,  and  (2)  by  acci- 
dental erroi-s  arising  from  rhythm.  One  of  the 
measures  used  to  diminish  the  s}-stematic  er- 
rors was  the  contraction  of  the  current  at  the 
outfall  end  of  the  trough.  The  apparatus  for 
this  purpose  consisted  of  two  boards  as  wide 
as  the  depth  of  the  trough  and  arranged  as  in 
figure  3.  Then-  attachment  to  the  sides  was 
llexible,  so  that  the  degree  of  convergence  and 
the  width  of  aperture  at  the  outfall  could  be 
modified  at  will.     This  apparatus  will  be  called 


Figure  3. — The  contractor. 


MEASUREMENT  OF  DEPTH. 


The  depth  of  the  current  was  measured  at 
midwidth  and  near  midlength  of  the  trough. 
The  determination  was  maile  by  means  of  the 
gage  already  described  (p.  21),  during  the 
period  of  time  for  which  the  load  was  measured. 
As  the'  water  surface  was  subject  to  rhythmic 
fluctuation,  a  series  of  observations  of  its  posi- 
tion were  made,  and  their  mean  was  used.  A 
series  of  observations  of  the  position  of  the  de- 
bris surface  were  sometimes  made  also,  but 
usually  only  a  single  observation,  and  the  read- 
mg  obtained  was  subtracted  from  the  mean  of 
readings  on  the  water  surface.  The  observa- 
tions of  the  debris  surface  were  subject  to  an 
error  which  was  regarded  as  more  serious  than 
that  of  the  observations  of  water  surface  be- 
cause, being  essentially  sj-stematic,  it  could 
not  be  eliminated  by  repetition.  The  presence 
of  the  gage  rod  in  the  water  modified  the  dis- 
tribution of  velocities,  and  this  modification  in- 
cluded an  increase  of  the  current's  velocity  a 
httle  below  the  end  of  the  rod.  As  the  bot- 
tom was  approached  by  the  rod,  the  cmrent 
scoured  a  hoUow  in  the  bed  immediately  under 
it;  and  if  the  rod  were  lowered  to  actual  con- 
tact, the  reading  would  give  an  excessive  esti- 
mate of  depth.  What  was  attempted  was  to 
lower  the  rod  to  a  position  as  nearly  as  possible 
at  the  level  of  undisturbed  parts  of  the  bed 
surrounding  the  visible  hollow.  This  was  a 
matter  of  judgment,  but  not  of  confident  judg- 
ment, because  the  actual  bed  was  concealed  by 
a  cloud  of  saltatory  debris  particles.  It  is 
therefore  recognized  that  the  measurements  of 
depth  are  uncertain. 

^Yhenever  the  water  profile  as  well  as  the 
debris  profile  was   surveyed,   an  independent 
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estimate  of  depth  was  obtained  by  subtracting 
one  profile  from  the  other.  This  mode  of  de- 
termination avoided  the  error  incident  to  the 
gage  work  and  was  on  the  whole  satisfactory, 
but  unfortunately  the  number  of  experiments 
to  which  it  could  be  apphed  was  not  large. 
During  the  greater  part  of  the  experimentation 
the  importance  of  the  water  profile  was  not 
recognized,  and  this  particular  use  of  it  was 
essentially  an  afterthought. 

The  values  from  profiles  being  assumed  to 
have  relatively  small  errors,  both  systematic 
and  accidental,  it  is  possible  to  measure  by 
their  aid  the  precision  of  the  values  from  gage 
readings.  Of  118  depths  which  were  meas- 
ined  by  both  methods,  the  gage  gave  the 
greater  value  for  36,  the  lesser  for  78;  and  the 
average  for  gage  values  was  0.0045  ±0.0007 
foot  less  than  the  average  for  profile  values. 
Independently  of  this  apparent  systematic  er- 
ror, the  probable  error  of  a  single  measure- 
ment with  the  gage  was  ±0.007  foot. 

MEASUREMENT  OF  VELOCITY. 

The  mean  velocity  of  the  current  is  compu- 
ted by  dividmg  the  discharge  by  the  area  of 
the  cross  section,  or  the  product  of  width  and 
depth.  Its  precision  depends  on  those  of  the 
(leternunations  of  discharge,  width,  and  depth; 
and  as  the  precision  for  discharge  and  width 
is  relatively  very  high,  the  precision  of  mean 
velocity  may  be  regarded  as  identical  with  that 
of  depth. 

The  attempts  to  measm-e  velocity  close  to 
the  chaimel  bed  were  not  successful.  This  is 
much  regretted,  because  it  is  beheved  that  bed 
velocity  is  a  prime  factor  in  traction  and  that 
slope  and  discharge  exert  their  influence  chiefly 
through  bed  velocity.  The  mode  of  measure- 
ment to  which  most  attention  was  given  was 
that  by  the  Pitot-Darcy  gage,  and  special 
forms  of  that  instrument  were  constructed  for 
the  purpose.  The  difficulty  which  seemed  in- 
superable was  essentially  the  same  as  that  en- 
countered in  the  measurement  of  depth.  As 
the  instrument  approached  the  current-molded 
bed  of  debris,  the  bed  retreated,  with  the  for- 
mation of  a  hoUow.  In  the  presence  of  the 
instrument  the  normal  velocity  at  the  bed  did 
not  exist.  Inseparable  from  this  difficulty  is 
a  property  of  the  instrument.  When  it  is  held 
close  to  the  bottom  or  side  of  a  channel  its  con- 
stant is  not  the  same  as  in  the  free  current. 


The  system  of  flow  lines  and  velocities  with 
which  the  stream  passes  the  obstructing  object 
determines  the  instrument's  constant,  and  when 
that  system  is  modified  by  a  neighboring  ob- 
ject the  constant  changes.  The  nature  of  these 
difficulties  is  such  that  it  was  not  thought 
worth  while  to  experiment  with  other  gages 
and  meters  which  hmit  the  freedom  of  the 
current. 

Other  devices  tried  were  of  one  type.  Small 
objects,  such  as  currants  or  beans,  only  slightly 
denser  than  water,  were  placed  in  the  current 
and  watched.  The  lighter  ones  would  not 
remain  near  the  bottom.  The  heavier  ones 
were  visibly  retarded  when  they  touched  the 
bed  and  were  also  retarded  when  close  to  the 
bottom  by  the  cloud  of  saltatory  sand,  which 
has  a  slower  average  velocity  than  the  water  it 
suffuses. 

MODES  OF  TRANSPORTATION. 

MOVEMENT    OF    INDIVIDUAL    PAKTirLES. 


In  stream  traction  sliding  is  a  negligible  fac- 
tor. The  roughness  of  the  bed  causes  particles 
that  retain  contact  to  roll.  When,  as  in  most 
of  the  experiments,  the  grains  are  of  nearly 
uniform  size,  each  moving  grain  has  to  sur- 
mount obstacles  with  diameter  like  its  own, 
and  when  it  reaches  the  summit  of  an  obstacle 
it  usually  possesses  a  velocity  which  causes  it 
to  leap.  So  roUing  is  chiefly  the  mere  prelude 
to  saltation.  With  mixed  debris  the  same  is 
true  for  the  finer  grains,  but  the  coarser  may 
roll  continuously  over  a  surface  composed  of 
the  finer,  and  the  coarsest  of  all,  those  close  to 
the  limit  of  competence,  move  solely  by  rolling. 

The  large  particle,  as  it  rolls  over  the  bed  of 
smaller  particles,  indents  the  bed,  and  its  con- 
tact involves  friction.  The  energy  thus  ex- 
pended comes  from  the  motion  of  the  water, 
and  its  communication  depends  on  differential 
motion  between  water  and  particle.  Except 
under  special  conditions,  to  be  mentioned  later, 
the  load  travels  less  rapidly  than  the  carrier, 
and  it  is  also  true  that  in  a  load  of  mixed  debris 
the  finer  parts  outstrip  the  coarser. 

SAXTATION. 

In  stream  traction  the  dominant  mode  of 
particle  movement  is  saltation.  Because  salta- 
tion grades  into  suspension  it  has  often  been 
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explained  in  the  same  manner,  by  appeal  to  up- 
ward movement  of  filaments  of  current,  but 
the  recent  studies  have  led  me  to  entertam 
a  different  view.  Before  this  view  is  presented 
an  account  will  be  given  of  certain  observations 
which  were  made  with  the  use  of  the  trough 
having  glass  sides. 

Through  the  trough  was  passed  a  current 
transporting  sand  of  uniform  grade,  and  the 
conditions  were  such  that  the  sand  bed  and 
water  surface  were  smooth.  In  the  same  water 
floated  a  few  fine  particles  and  thin  flakes  of 
mica,  illustrating  suspension,  but  there  was  no 
intergradation  of  the  two  processes.  Viewed 
from  the  side,  the  saltation  was  seen  to  occupy 
at  the  bottom  of  the  current  a  space  with  a 
definite  upper  limit,  parallel  to  the  sand  bed. 
Within  this  space — the  zone  of  saltation — the 
distribution  of  flymg  grains  was  systematic, 
the  cloud  being  dense  below  and  thin  above, 
but  not  perceptibly  varying  from  point  to 
point  along  the  bed.  Viewed  from  above,  the 
surface  of  the  cloud  seemed  uniform  and  level, 
and  it  all  appeared  to  be  moving  in  the  same 
direction.  There  was  no  suggestion  of  swirls 
in  the  current. 

When,  in  lookmg  from  the  side,  attention 
was  directed  to  the  base  of  the  zone,  it  was 
easy  to  watch  grahas  that  traveled  half  by 
roUmg  and  half  by  skipping,  and  these  moved 
quite  slowly;  but  higher  in  the  zone  the 
motions  were  so  rapid  and  diverse  that  all  was 
a  blur.  To  resolve  this  blur  a  slitling  dia- 
phragm was  arranged.  This  consisted  of  a 
short  board  ^\'ith  a  hole  m  it.     The  board  hung 


Figure  4.— Diagrammatic  view  of  part  of  experiment  trough  witli  glass 
janels  (A )  and  sliJing  screen  (B).     C,  Hole  in  screen. 

outside  the  wall  of  the  trough,  being  supported 
by  a  cleat  above  in  such  maimer  that  it  could  be 
slid  along  the  trough.  (See  fig.  4.)  The  hole, 
about  2  inches  square,  gave  a  restricted  view  of 
the  saltation  zone.  By  sliding  the  board  in  the 
direction  of  the  current  and  keeping  the  eyes 
opposite,  a  traveling  field  of  view  was  obtained. 
Manifestly  if  the  field  traveled  at  the  same  rate 
as  the  current,  any  object  moving  with  the 
current  would  appear  at  rest  to  the  observer, 
because  tliere  would  be  no  relative  motiim  of 


observer  and  object;  and  if  objects  in  the  water 
were  moving  (liorizontaOy)  at  different  rates, 
those  coinciding  in  rate  with  the  field  would  be 
seen  as  if  at  i-est,  while  the  others  woiild  be  seen 
as  moving. 

Wlien  the  field  was  moved  slowly  the  rolling 
grains  ceased  to  be  distinct  but  were  replaced 
in  distinctness  by  grauis  that  seemed  to  bob 
up  and  down.  These  vibrated  through  a  space 
of  two  or  thi-ee  diameters,  as  if  repeatedly 
striking  the  bed  and  rebounding.  In  inter- 
preting  this    appearance,    allowance   must  be 


FiGtiEE  5.— Appearance  of  the  zone  of  saltation,  as  viewed  from  the  side 
with  a  moving  field. 

made  for  the  fact  that  the  grains  were  dis- 
tinctly seen  because  they  were  moving  hori- 
zontally about  as  fast  as  the  diaplu-agm.  Their 
paths  were  really  low-arcliing  curves,  and  only 
the  vertical  factor  remained  when  the  hori- 
zontal was  abstract«d.  It  is  probable  also  that 
the  appearance  of  rebounding  was  largely 
illusory,  most  of  the  grains  either  stopping  at 
the  end  of  the  leap,  or  else  leaping  next  time 
\vith  a  different  velocity. 

Wlien  the  field  was  moved  somewhat  faster, 
the  bobbing  grains  disappeared  and  there  came 
into  distinct  vision  a  set  of  grains  quite  free 
from  the  bed  and  occupying  a  belt  within  the  sal- 
tation zone.  All  the  zone  above  and  below  them 
was  blurred.  In  the  middle  of  the  belt  vertical 
motion  was  to  be  discerned  but  wai  less  con- 
spicuous than  in  the  lower  zone.  Where  dis- 
tinctness graded  into  blurring,  lines  of  motion 
could  be  seen  which  were  oblique  and  curved, 
the  lines  above  the  belt  curving  forward  and 
those  below  backward,  as  shown  in  figure  5. 

With  progressively  faster  motion  of  the  field 
the  belt  of  distinct  vision  rose  higher,  until  the 
top  of  the  zone  was  reached,  when  all  the  lower 
part  was  blurred. 

The  systematic  gradation  of  velocity'  and 
other  features  from  the  bed  upward  and  the 
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sensible  uniformity  of  process  over  the  whole 
width  of  channel  are  not  consistent  with  the 
idea  that  the  saltation  zone  is  invaded  by 
eddies  of  large  dimensions,  such  as  would  bo 
competent  to  sustain  the  grains  by  the  up- 
ward components  of  their  motions.  If  there 
were  large  ascending  and  descending  strands 
of  current  the  visible  surface  of  the  zone 
would  be  locally  raised  and  depressed  by 
them.  We  must,  indeed,  assume  that  the  flow 
is  turbulent,  in  the  technical  sense,  because 
parallel   or  laminar  flow   is   impossible   with 
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Figure  6. — Tlie  beginning  of  a  leap,  in  saltation. 

velocities  competent  for  traction,  but  the  ed- 
dies may  be  assumed  to  be  of  small  dimen- 
sions in  relation  to  the  depth  of  the  zone,  and 
the  lines  of  flow  with  which  saltation  is  con- 
cerned may  be  assumed  to  be  approximately 
parallel  to  the  general  direction  of  the  current. 

The  explanation  I  would  substitute  for  that 
of  the  uplift  of  grains  by  rising  strands  is  that 
each  grain  is  projected  from  the  bed  with  an 
initial  velocity  which  gives  it  a  trajectory  an- 
alogous to  that  of  a  cannon  ball.  The  follow- 
ing fuller  statement,  though  given  with  little 
qualification,  should  be  understood  as  largely 
hjrpothetic. 

In  figure  6  the  current  is  supposed  to  move 
from  left  to  right  above  the  grams  of  debris 
shown  in  outline.  A  grain  which  in  A  is  at 
rest  appears  in  B  in  an  advanced  position, 
having  been  rolled  upward  and  forward  about 
an  undisturbed  grain  which  lies  in  its  way. 
(The  moving  grain  is  doubtless  more  likely  to 
roll  against  two  other  grams  than  a  single  one 
but  the  principle  is  the  same.)  In  moving  to 
its  new  position  the  center  of  gravity  of  the 
grain  describes  a  curve  convex  upward.  The 
grain  continuously  gains  in  velocity,  and  the 
acceleration  also  increases  as  the  direction  of 
motion  comes  to  make  a  smaller  angle  with 
the  direction  of  the  current.  At  each  instant 
the  accelerative  force  due  to  the  current  and 
that  of  gravity  are  combined  and  have  a  re- 
sultant direction;  and  the  combined  or  re- 
sultant accelerative  force  may  be  resolved  into 
two  parts,  one  of  which  coincides  in  direction 


with  the  motion  of  the  center  of  gravity  and 
the  other  with  the  line  joining  the  center  of 
gravity  and  the  point  of  contact.  The  last- 
mentioned  component  presses  the  movmg 
grain  against  the  stationary  gram.  Opposed 
to  it  is  the  centrifugal  force  arising  from  the 
curvature  of  the  grain's  path;  and  the  point 
is  finally  reached  where  the  centrifugal  force 
dominates  and  the  grain  is  free.  Under  the 
ordinary  conditions  of  saltation  this  point  is 
not  the  crest  of  the  obstruction,  but  is  on  the 
upstream  side,  so  that  the  grain's  direction  of 
motion  at  the  instant  of  separation  is  obliquely 
upward.  Thus  the  free  grain  is  initially  mov- 
ing upward  as  well  as  forward,  and  it  has  al- 
most literally  made  a  leap  from  the  bed. 

If  the  grain  were  at  that  instant  released 
from  all  influences  but  gravity,  its  path  before 
returning  to  the  bed  would  be  the  arc  of  a 
quadric  parabola  with  vertical  axis.  The 
actual  deviation  of  its  trajectory  from  the 
parabolic  form  is  analogous  to  that  observed 
in  gunnery,  for  it  arises  from  the  resistance  of 
a  fluid;  but  the  laws  of  resistance  are  not  the 
same  for  air  and  water,  and  the  frictional  ac- 
celeration in  one  case  is  negative  while  in  the 
other  it  is  mainly  positive.  The  trajectory  in 
gunnery  is  shorter  than  the  ideal  parabolic 
arc;  in  saltation  it  is  longer. 

Figure  8  gives  diagrammatically  the  trajec- 
tory of  a  saltatory  grain.  In  figure  7  AB 
is  a  portion  of  the  same  trajectory.  Let  the 
space  A  C  represent  the  instantaneous  velocity 
of  the  grain,  and  let  the  Hue  AD  represent  in 
direction  and  length  the  velocity  of  the  water 


Figure  7. — Diagram  of  accelerations  atfecting  a  saltatory  grain. 

about  the  grain.  Then,  C  and  D  being  con- 
nected by  a  line,  CD  represents  in  direction 
and  magnitude  the  relative  velocity  of  water 
and  grain,  or  the  velocity  of  the  water  as  re- 
ferred to  the  grain.  By  reason  of  the  mutual 
resistance  of  water  and  grain,  tliis  relative  mo- 
tion accelerates  the  grain,  the  acceleration  be- 
ing a  function  of  the  differential  velocity,  the 
size  of  the  grain,  and  other  conditions.  On  the 
line  CD,  showing  the  direction  of  the  accelera- 
tion, let  the  space  CE  represent  its  amount. 
Then  from  E  draw  the  vertical  FF,  represent- 
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ing,  to  the  same  scale,  the  acceleration  of  the 
grain  by  gravity.  Connect  C  and  F;  the  hne 
CF  represents  in  magnitude  and  direction  the 
resultaat  acceleration  of  the  grain.  These 
relations  are  independent  of  the  particular 
directions  of  motion  of  the  grain  and  the  water. 
Let  us  now  introduce  the  assumptions,  believed 
to  be  practically  true  for  the  laboratory  condi- 
tions, that  the  water  in  the  region  of  saltation 
moves  parallel  to  the  bed  and  that  its  velocity 
increases  notably  wdth  distance  from  the  bed. 
In  the  ascenihng  part  of  its  path  the  grain  en- 
counters filaments  of  the  current  with  liigher 
and  lugher  velocity.  Tliis  tends  to  increase 
the  relative  velocity,  but  the  grain  is  at  the 
same  time  gaining  in  horizontal  velocity  and 
the  gain  tends  to  diminish  the  relative  velocity. 
Unless  the  leap  is  short  in  relation  to  the  size 
of  the  grain,  the  second  of  these  tendencies  is 
the  greater,  and  at  the  highest  point  of  its 
path  the  grain  is  moving  nearly  as  fast  as  the 


I^^GTTRE  8. — Theoretic  trajectory  of  a  saltatory  particle,  the  initial  point 
being  at  /.    Arrows  indicate  acceleration. 

water.  In  the  descentUng  part  of  its  path  it  en- 
counters slower  moving  filaments  of  current, 
and  at  some  point  {H,  fig.  8)  its  horizontal  mo- 
tion may  equal  that  of  the  adjacent  water. 
Then  beyond  H  it  passes  through  filaments 
moving  still  more  slowly,  and  its  acceleration 
from  the  reaction  of  the  current  becomes  nega- 
tive. The  acceleration  due  to  gravity  is  of 
course  miifonn  and  downward,  and  its  combina- 
tion with  that  due  to  the  current  yields  a  system 
of  directions  and  magnitudes  of  the  type  indi- 
cated in  figure  8  by  short  arrows.  In  the 
shorter  and  lower  trajectories  it  is  probable 
that  the  critical  point  II  is  not  reached. 

If  tlie  position  of  the  grain  before  leaping 
(fig.  6)  is  such  that  only  a  relatively  short  roll 
suffices  to  free  it,  then  its  initial  velocity  is 
small  and  the  angle  of  ascent  at  wliich  it  is 
freed  is  low.  It  has  a  short,  flat  trajectory,  and 
its  velocity  at  the  highest  point  is  moderate. 
If  the  original  roll  is  longer  there  is  time  to 
acquire  speed  before  the  leap;  the  initial  ve- 
locity is  large  and  the  angle  of  ascent  is  rela- 
tively liigh.  It  has  a  long  and  high  trajectory 
and  when  at  the  crest  has  been  accelerated  to 
high  velocity.     If  a  grain  at  the  end  of  a  leap 


touches  the  bed  at  a  favorable  point  it  may  leap 
again  without  coming  to  rest,  and  the  impetus 
of  the  fu-st  flight  will  thus  enhance  the  initial 
velocity  of  the  second. 

In  the  observations  with  the  moving  field 
the  grains  seen  most  distinctly  were  those  which 
moved  horizontally  with  the  field  and  at  the 
same  time  had  little  vertical  motion.  So  each 
belt  of  distinctness  contained  grains  at  the  tops 
of  their  trajectories  and  was  practically  made 
up  of  such  grains.  The  grains  producing  the 
curved  Unes  in  figure  3  were  ascending  or  de- 
scending obhquely,  and  their  horizontal  com- 
ponents of  motion  coincided  with  the  motion  of 
the  field  for  an  instant  only. 

In  general  the  observations  seem  to  show 
that  the  summit  velocities  of  the  leaping  grains 
increase  systematically  with  the  height  of  the 
leap,  and  tliis  generahzation  is  in  perfect  accord 
with  the  hypothesis  that  the  paths  of  grains 
are  determined  primarily  by  initial  impulse. 

Under  the  hypothesis  the  series  of  velocities 
observed  by  aid  of  the  moving  field  are  not 
velocities  of  current,  for  the  initial  velocities  of 
grains,  being  caused  by  the  current,  recpiire  that 
the  water  outspeed  all  the  grains  at  the  bottom 
of  the  zone  of  saltation.  At  the  top  of  the 
zone  there  must  be  at  least  a  sUght  advantage 
with  the  current,  provided  the  water  velocities 
increase  upward.  That  the  water  velocities  do 
increase  upward  can  hardly  be  doubted,  for  in 
sweeping  along  the  sand  the  stream  expends 
energy,  and  as  its  energy  subsists  in  velocity, 
the  expenditure  involves  retardation.  More- 
over, the  grains  of  sand  are  at  the  same  time 
most  numerous  and  slowest  near  the  bottom 
of  the  zone,  so  that  their  effect  is  there  greatest. 

In  tliis  connection  it  is  to  be  observed  that 
the  width  of  the  belt  of  distinct  vision  in  the 
moving  field  (fig.  .5)  is  greater  for  the  upper 
part  of  the  zone  of  saltation  than  for  the  lower. 
As  distinct  vision  is  hmited  to  a  certain  (unde- 
termined) range  in  horizontal  velocities,  tliis 
fact  implies  that  the  increase  in  horizontal 
speed  of  sand  grains  with  distance  from  the 
bed  is  less  rapid  in  the  upper  part  of  the  zone 
than  in  the  lower. 

The  prececUng  discussion  is  subject  to  two 
qualifications,  the  first  of  which  is  connected 
with  the  retardation  of  the  current  at  the  side 
of  the  trough.  By  reason  of  that  retardation 
the  zone  of  saltation  is  shallower  near  the  side 
and  does  not  include  the  longer  and  liighcr 
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leaps.  Figure  9  gives  an  ideal  conception  of 
the  cross  section  of  the  zone  and  the  distribu- 
tion of  flying  grains  witliin  it.  Observation 
from  the  side  penetrates  but  a  short  distance 
into  the  cloud,  the  distance  being  least  where 
the  cloud  is  most  dense.  The  practical  limit 
of  visual  penetration  may  be  assumed  to  take 
some  such   form   as   the  line  ^47?.     Thus   the 
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-Ideal  transverse  section  of  zone  of  saltat  i< 
ment  trough. 


1  at  side  of  experi- 


tract  actually  studied  in  the  work  with  the 
moving  field  was  somewhat  superficial  and  was 
not  in  strictness  a  vertical  section  of  the  zone. 
The  second  qualification  is  connected  with 
turbulence.  In  steatly  flow  the  motion  at  each 
point  of  a  stream  is  constant  in  velocity  and 
direction.  When  the  general  velocity  exceeds 
a  certam  minimum,  which  for  the  streams  we 
have  to  consider  is  very  small,  the  flow  is  not 
steady,  but  involves  eddies  or  vortices,  which 
as  a  rule  move  onward  with  the  current.  In 
consequence  of  these  eddies  the  course  of  each 
particle  of  water  is  sinuous,  and  the  sinuous 
courses  interweave.  The  flow  is  then  said  to 
be  turbulent.  Usually  there  are  both  large 
and  small  eddies,  the  minute  ones  being  multi- 
tudinous. As  the  axes  of  wliirhng  movements 
have  all  attitudes,  the  directions  of  motion,  as 
a  rule,  have  upward  or  downward  components, 
and  the  suspension  of  particles  of  debris  is  due 
to  the  upward  components.  Particles  so  small 
that  they  can  not  come  to  rest  on  the  bottom 
are  thereby  lifted  and  relifted  and  kept  in  the 
body  of  the  water.  Under  the  conditions 
arranged  for  the  study  of  saltation  there 
appeared  to  be  no  large  eddies,  but  the  zone 
was  unquestionably  pervaded  by  smaU  ones, 
excited  by  the  roughness  of  the  bed  and  by  the 
difl'erential  motions  of  water  and  leaping 
grains.     With  increasing  strength  of  current 


the  texture  of  turbulence  would  enlarge  and 
saltation  pass  into  suspension.  With  a  diver- 
sified debris,  instead  of  the  uniform  material 
actually  used,  there  would  be  phases  of  action 
in  wliich  the  paths  of  small  grains  were  made 
sinuous  by  turbulence,  while  those  of  larger 
grains  remained  simple  in  form.  The  trajec- 
tory of  saltation,  as  described,  may  therefore 
be  regarded  as  a  simple  type  of  path  which 
com1)ines  in  all  proportions  with  the  sinuous 
type  of  path  characterizing  suspension. 

Through  the  entire  zone  of  saltation  motion 
is  bemg  communicated  to  particles  of  the  load 
by  the  water,  and  there  is  a  corresponding  loss 
of  motion  by  the  water.  That  loss  reduces  all 
the  stream's  velocities  but  makes  the  greatest 
reduction  in  tlie  lower  part  of  the  zone  of 
saltation.  The  loss  of  velocity  in  the  lower 
strands  reduces  their  power  to  cause  particles 
to  leap.  The  gi-eater  the  load  the  greater  this 
reduction,  and  thus  the  quantity  of  load  is 
automaticaUy  regulated. 

COLLECTIVE    MOVEMENT. 

In  the  experiment  used  to  illustrate  saltation 
the  collective  movement  of  the  saml  was  uni- 
form, the  conditions  of  the  experiment  having 
been  adjusted  to  that  end.  But  it  is  equally 
possible  so  to  adjust  them  as  to  make  the 
collective  movement  rhythmic.  Uniformity  is 
in  fact  an  intermediate  phase  between  two 
rhythmic  phases,  which  are  of  contrasted  types. 
These  phases  will  be  described. 

In  another  experiment  a  bed  of  sand  was 
first  prepared  with  the  surface  level  and 
smooth.  Over  this  a  deep  stream  of  water 
was  run  with  a  current  so  gentle  that  the  bed 
was  not  disturbed.  The  strength  of  current 
was  gradually  increased  until  a  few  grains  of 
sand  began  to  move  and  then  was  kept  steady. 
Soon  it  was  seen  that  the  feeble  traction  did 
not  affect  the  whole  ])ed,  but  only  certain  tracts, 
and  after  a  time  a  regular  pattern  developed 
and  the  bed  exhibited  a  system  of  waves  and 
hollows.  As  the  waves  grew  the  amount  of 
transportation  increased,  showmg  that,  under 
the  given  conditions,  the  undulating  surface 
was  better  adapted  to  traction  than  the  plane. 
With  such  waves  and  hollows  are  associated  a 
special  mode  of  transportation,  which  is  illus- 
trated in  figure  10.  A  current  reacMng  the 
bed  at  A  foUows  the  rising  slope  and  crest  of 
the  wave  to  C  and  then  shoots  free,  to  reach 
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the  bed  again  at  D.  The  space  overleaped 
between  C  and  D  is  occupied  by  one  or  more 
slow-movuig  eddies.  From  ^  to  C  there  is 
traction,  the  material  being  derived  from  the 
slope  between  A  and  B.  At  C  the  debris, 
being  abandoned  by  the  current,  is  dumped, 
and  it  slides  by  gravity  down  the  slope  CE. 
So  the  upstream  face  of  the  wave  is  eroded  and 
the  downstream  face  built  out,  with  the  result 
that  the  wave,  as  a  surface  form,  travels 
downstream.  As  this  is  precisely  what  takes 
place  when  a  sand  hih  travels  under  the 
mfluence  of  the  wand,  the  name  of  the  eolian 
hill  has  been  borrowed,  and  the  waves  are 
called  dunes}  In  one  of  the  narrower  troughs 
of  the  laboratory  the  dunes  formed  a  single 
line.  In  a  wider  trough  their  arrangement 
sometimes  suggested  a  double  line,  the  crests 


of  one  being  opposite  the  hoUows  of  the  other, 
but  their  arrangement  contmually  changed. 
On  the  bed  of  a  broad,  shallow  stream  they  are 
apt  to  have  a  subregular  unbricated  pattern.^ 
In  a  deep  stream  a  single  dune  may  be  nearly 
as  broad  as  the  channel.  In  the  laboratory 
the  forms  were  inconstant,  but  the  type  was 
about  as  broad  as  long,  with  the  front  edge 
convex  downstream.  In  natural  streams  the 
dunes  show  great  variety  in  outline,  some  being 
described  as  longest  in  the  du-ection  of  the 
current  and  others  as  greatly  extended  in  the 
transverse  direction.  They  vary  in  size  with 
the  size  of  the  stream,  but  especially  with  the 
depth,  and  are  transformed  and  remodeled 
with  increase  and  reduction  of  discharge.  The 
horizontal  dimensions  of  most  laboratory 
examples   may   be   conveniently   described   in 


inches,  but  river  examples  may  require  scores 
or  hundreds  of  feet.'  The  maximum  height  m 
the  laboratory  was  probabty  2  inches;  for 
those  in  Sacramento  River  2  feet  has  been 
reported,  and  for  those  in  the  Mississippi  22 
feet. 

In  each  series  of  laboratory  experunents  to 
determine  the  relation  of  load  to  slope  the 
initial  run  was  made  with  a  small  load,  while 
for  the  succeeding  runs  the  load  was  pro- 
gressively increased.  Enlargement  of  the  load 
caused  increase  of  slope  and  velocity,  with 
decrease  of  depth,  and  these  changes  were 
accompanied  by  changes  in  the  mode  of  trans- 
portation. In  the  earlier  runs  dunes  were 
formed,  and  these  marched  slowly  down  the 
trough.  Then,  somewhat  abruptly,  the  dunes 
ceased  to  appear,  and  for  a  number  of  rims  the 

1  This  is  the  name  chiefly  used  by  Swiss  investigators  (see  De  Candoile, 
Arch.sei.  phys.  et  nat.,  vol.  9.  p.  242, 1883,  and  Forel,  idem,  vol.  10,  p.  43, 
18S4),  and  many  observers  compare  the  subaqueous  feature  to  the  eolian; 
but  the  specific  title  commonly  used  in  the  United  States  and  C.'reat 
Britain  is  sand  ware,  and  some  French  engineers  employ  grlce.  In  the 
present  paper,  dune  is  preferred  to  sand  wave  because  there  is  occasion 
to  distinguish  two  species  of  debris  waves. 


channel  bed  was  without  waves  and  ajiproxi- 
mately  plane,  although  somewhat  ruffled  in  the 
run  unmediately  following  the  disappearance  of 
dimes.  Finally  a  third  stage  was  reached  in 
which  the  bed  was  characterized  by  waves  of 
another  t}'pe.  These  are  called  antidunes, 
because  they  are  contrasted  with  dunes  in 
their  direction  of  movement;  they  travel 
against  the  current  instead  of  with  it.  Their 
downstream  slopes  are  eroded  and  their  up- 
stream slopes  receive  deposit.  They  travel 
much  faster  than  the  dunes,  and  their  profiles 
are  more  symmetric.  The  water  surface, 
wliich  shows  only  slight  undulation  m  connec- 
tion with  dunes,  follows  the  profiles  of  anti- 

2  The  imbricated  pattern  is  frequently  seen  beneath  tidal  waters, 
where  ripple  marks  due  to  the  reaction  of  wind  waves  are  transformed 
into  dunes  when  the  tidal  current  sweeps  across  them.  It  is  then  usually 
to  be  ascribed  to  a  diiference  in  direction  of  the  two  actions.  Xn  elabo- 
rate account  of  its  development  in  rivers  is  given  by  H.  Blasius,  who  has 
recently  investigated  the  whole  subject  of  the  rhythmic  features  of  river 
beds.    See  Zeitschr.  Bauwesen,  vol.  GO,  pp.  465-472, 1910. 

3  Arthiu-  Hider,  who  studied  dimes  in  the  lower  Mississippi,  reported 
a  maximum  length,  crest  to  crest,  of  750  feet,  a  maximum  height  of  22 
feet,  and  a  maximimi  progression  of  81  feet  in  a  day.  See  Mississippi 
River  Comm.  Rept.,  1882,  pp.  83-88  (=ChiefEng.  U.  S.  A.,  Rept.,  1883, 
pp.  2194-2199). 
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dimes  closely  and  shares  their  transformations.' 
(See  fig.  11.)  Usuall_v  each  antidune  occupied 
the  full  width  of  the  experiment  trough;  and  in 
natural  streams,  so  far  as  I  have  observed,  they 
eitlier  reach  from  side  to  side  of  the  channel  or 
else  form  well-defined  rows  in  the  direction  of 
the  current.  Not  only  is  a  row  of  antidunes  a 
rhythm  in  itself,  but  it  goes  through  a  rhythmic 
fluctuation  in  activity-,  either  oscillatmg  about 
a  mean  condition  or  else  developmg  paroxys- 
mally  on  a  plane  stream  bed  and  then  slowly 
declining.  Paroxysmal  increase  starts  at  the 
do\vnstream  end  of  a  row  and  travels  upstream, 
gammg  m  force  for  a  time,  and  the  climax  is 
accompanied  by  a  combing  of  wave  crests. 
Where  the  debris  is  very  coarse,  as  on  the  out- 
wash  plams  of  glaciers,  a  din  of  clashmg  bowl- 
ders is  added  to  the  roar  of  the  water.- 

Of  the  phases  of  process  in  the  laboratory 
Ml-.  Murphy  writes: 

Their  [the  dunes']  form  is  continually  changing  as  the)' 
move  forward;  they  divide  and  again  unite,  the  parts 
traveling  at  different  rates,  and  new  ones  form  on  top  of 


the  older  ones.  The  grains  roll  up  the  gentle  slope,  fall 
over  the  crest,  are  covered  by  other  grains,  and  rest  until 
the  dune  again  passesover  them  and  theyare  again  uncov- 
ered. Thus  the  time  during  which  they  are  in  motion  is 
small  compared  to  the  time  during  which  they  rest.  As 
the  velocity  of  the  current  increases,  the  rate  of  feeding 
being  correspondingly  increased,  the  size  of  the  dunes  and 
their  rate  of  movement  increase.  Thus  we  find  that  when 
the  discharge  is  0.363  ft.^/sec,  load  11  gm./sec,  and  slope 
0.32  per  cent,  the  dunes  are  7  to  9  inches  long  and  one-half 
inch  high  and  move  at  the  rate  of  0.56  foot  a  minute,  but 
when  the  discharge  is  0.734  ft.^/sec.  and  the  load  30 
gm./sec,  the  dunes  are  13  to  15  inches  long,  three-fourths 
of  an  inch  high  and  move  at  the  rate  of  1.5  feet  a  minute. 
As  the  velocity  of  the  current  increases  some  of  the  grains 
leap  as  well  as  roll,  and  some,  instead  of  dropping  over 
the  crest  of  a  dune  and  resting,  leap  to  the  next  dune. 
The  dune  grows  less  distinct  in  form  and  finally  at  a  criti- 
cal velocity  it  disappears,  dune  motion  ceases,  and  the 
sand  surface  becomes  comparatively  even.  This  condi- 
tion of  even  surface  flow  continues  as  the  slope  increases 
until  at  another  critical  velocity  antidune  movement 
begins.  A  profile  of  the  sand  surface  for  this  kind  of 
motion  is  shown  in  figure  11.  For  this  experiment  the 
trough  width  is  1,32  feet,  discharge  0.734  ft.-^/sec,  load 
213  gm./sec.  and  the  sand  slope  1.23  per  cent.  These  sand 
waves  are  from  2  to  3  feet  in  length  from  crest  to  crest,  they 
extend  the  width  of  the  trough,  and  some  of  them  are  0.5 


Figure  11. — Longitudinal  section  illustrating  the  antidune  mode  of  traction.    The  numbers  show  distance  in  feet  from  the  head  of  the  experiment 

trough. 


foot  in  height  from  crest  to  trough  of  the  wave.  They 
travel  slowly  upstream,  some  of  the  sand  being  scoured 
from  the  downstream  face  in  the  vicinity  of  K  (fig.  11) 
and  deposited  on  the  upstream  face  at  X.  Some  of  these 
waves  remain  for  two  minutes  or  longer,  but  most  of  them 
not  longer  than  one  minute.  A  whitecap  forms  on  the 
surface  of  the  water  when  the  larger  waves  disappear. 
Sometimes  two  or  more  will  disappear  at  once  and  leave 
the  surface  without  waves  for  a  distance  of  10  feet  or  more. 
Only  a  portion  of  the  sand  transported  takes  part  in  the 
formation  of  these  sand  waves.  The  velocity  in  a  wave 
trough  is  greater  than  near  the  crest.  The  sand  grains 
flow  nearly  parallel  to  the  bed  as  they  pass  through  the 

1  Antidimes,  though  less  common  than  dunes,  are  by  no  means  rare 
under  natural  conditions.  They  are  described  by  Vaughan  Cornish 
(C.eog.  Jcur.  (London),  vol.  13,  p.  f.21, 1S99;  Scottish  Geog.  Mag.,  vol.  17, 
pp.  1-2, 1901),  and  are  mentioned  by  John  S.  Owens  (Geog.  Jour., vol.  31, 
p.  424, 1908). 

2  The  sequence  of  bed  characters— dune,  smooth,  antidune — was 
observed  by  John  S.  Owens  in  studies  with  natural  currents  in  190T,  and 
the  cliaraeters  were  correlated  with  velocities.  With  depths  of  3  to  6  . 
inches  and  a  bed  of  sand,  he  noted  sand  ripples  [dunes]  when  the  ve- 
locities, measured  by  floats,  were  from  0.85  to  2. .5  ft./sec,  and  the 
appearance  of  antidunes  at  a  velocity  of  about  3  ft./sec.  (Geog.  Jour. 
(London),  vol.  31,  pp.  41t),  424,  190S).  Sainjon  and  Partiot,  study- 
ing the  movement  of  debris  in  the  Loire,  had  previously  observed 
that  whereas  with  low  velocities  the  entire  bottom  load  was  transported 
through  the  progress  of  dunes,  with  higher  velocities  the  debris  was  swept 
along  from  crest  to  crest  and  the  dunes  were  reduced  In  height  (Annales 
des  ponts  et  chausste,  5th  ser.,  vol.  1,  pp.  270-272, 1871). 


trough,  but  at  the  crest  they  have  an  up  and  down  motion 
as  well  as  a  forward  motion.  On  the  crest  of  the  larger 
waves  their  forward  motion  is  small  compared  with  their 
vertical  motion.    *    *    * 

There  is  a  sand  movement  by  rotation  or  whirls  that 
aids  transportation.  These  whirls  have  been  observed 
during  dune  motion  only  for  smaller  sizes  of  sand.  They 
are  of  short  duration,  lasting  usually  less  than  one  minute, 
but  in  this  time  one  of  these  may  scour  a  hole  1  to  3  inches 
deep  and  4  to  10  inches  in  length.  They  usually  start 
near  the  side  of  the  trough,  the  axis  inclining  downstream 
and  toward  the  center,  making  an  angle  of  30°  to  60°  with 
the  side  and  a  small  angle  at  the  bottom.  These  whirls 
are  3  to  5  inches  in  diameter  and  the  sand  grains  are  thrown 
violently  up  as  well  as  downstream  by  them.  This  move- 
ment aids  transportation  by  its  lifting  action,  some  of  the 
grains  being  carried  in  suspension  for  a  short  distance  by  it . 

The  change  in  the  appearance  of  a  loaded  stream  as  the 
load  is  increased,  the  discharge  remaining  constant,  is 
very  striking.  For  no  load  the  water  surface  is  even  and 
smooth.  As  fine  sand  is  fed  into  the  water  at  a  slow  rate, 
small  sand  dunes  will  form  on  the  bottom  and  many  little 
waves  will  form  on  the  surface.  As  the  rate  of  feeding  is 
increased,  the  slope  and  velocity  increasing,  these  waves 
become  larger  and  fewer  and  have  the  shape  of  an  inverted 
canoe.  These  canoes  are  side  by  side,  the  number 
depending  on  the  trough  width  and  size  of  waves.  When 
the  width  was  1.0  foot  two  sets  formed  side  by  side;  when 
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the  width  was  1.32  feet  three  sets  formed.  As  the  critical 
velocity  at  which  dune  motion  ceases  is  approached  these 
waves  begin  to  disappear,  and  when  this  velocity  is  reaihed 
the  water  surface  is  waveless.  This  waveless  condition 
continues  as  the  rate  of  feed  increases  until  sand  motion 
in  antidunes  begins,  when  large  waves,  the  width  of  the 
trough  and  corresponding  in  length  to  the  sand  waves 
beneath  them,  are  formed  as  illustrated  in  figure  11. 

In  order  to  show  the  magnitude  of  these  surface  waves, 
wave  traces  have  been  drawn.  Some  of  these  are  gi\-en 
in  figure  12.  A  sheet  of  galvanized  iron  4  feet  long  and  1 
foot  high  was  divided  into  inch  squares  by  lines.  This 
plate  was  moistened  and  covered  with  fine  dust.  It  was 
held  vertical  at  a  given  place  over  the  experiment  trough 
and  on  signal  was  dropped  into  the  trough  and  taken  out 
again  as  quickly  as  possible.  The  dust  was  removed  from 
that  part  of  the  plate  in  the  water,  leaving  a  well-defined 
outline  of  the  wave.  This  wave  trace  was  quickly  sketched 
on  paper  by  means  of  the  lines  marking  the  squares.  Trace 
A,  figure  12,  is  for  zero  feed ;  B  is  for  a  very  small  feed ;  C  is 
for  a  larger  feed ,  the  surface  being  covered  with  the  canoe- 
shaped  waves;  T>  shows  one  of  the  larger  waves  associated 
with  antidunes. 


The  slopes  at  which  the  phases  of  traction 
change  are  lower  for  large  streams  than  for 
small,  and  lower  for  fuie  debris  than  for  coarse. 
The  phase  with  smooth  bed — which  may  con- 
veniently be  called  the  smooth  phase — covers 
a  greater  range  of  conditions  with  mLxed 
debris  than  with  assorted. 

The  processes  associated  with  dunes  and 
antidunes  were  briefly  studied  in  the  glazed 
trough  and  with  the  moving  field.  Trans- 
portation by  saltation  follows  the  eutu-e  pro- 
file of  the  antidunes  but  traverses  the  dunes 
only  from  J.  to  C  of  figure  10.  The  velocity 
of  saltatory  grams  is  greatest  where  erosion 
takes  place,  uamety,  along  the  upstream  slopes 
of  dunes  and  the  downstream  slopes  of  anti- 
dunes, and  it  may  reasonably  be  inferred  that 
the  water  velocities  are  greatest  in  those 
places.    The  eye  detected  no  diif erence  in  water 


FiGCHE  12.— Profiles  of  water  surface,  automaticallj-  recorded,  showing  undulations  associated  with  the  antidune  mode  of  tracti( 
show  distance,  in  feet,  from  the  head  of  experiment  trough. 


depth  over  the  two  slopes  of  the  antidune,  and 
if  the  depth  is  the  same  so  also  is  the  mean 
velocity ;  but  the  ratio  of  bed  velocity  to  mean 
velocity  is  known  to  vary  with  conditions. 

The  cause  of  the  changes  m  process  has  not 
been  adequately  investigated,  but  a  few  sug- 
gestions may  be  made.  To  assist  in  a  search 
for  controllmg  conditions,  the  factors  con- 
nected with  the  two  critical  pomts — the  change 
from  dune  phase  to  smooth  and  the  change 
from  smooth  to  antidune — were  tabulated 
from  the  experunents  with  sand  of  a  smgle 
grade  (C) ;  the  positions  of  the  critical  pomts 


being  estuuated  by  Mr.  Mui-phy  at  a  tune  when 
the  details  of  the  experiments  were  freshly  in 
mind.  In  Table  3  w  is  the  width  of  trough,  in 
feet;  Q  the  discharge,  in  cubic  feet  per  second: 
S  the  per  cent  of  slope;  d  the  depth  of  water  in 
feet;  Vm  the  mean  velocity,  in  feet  per  second; 
L  the  load,  in  grams  per  second;  and  L^  the 
load  per  unit  width.  The  data  in  this  table 
are  taken  from  a  prelimmary  reduction  of  the 
observations  and  are  less  accurate  than  the 
results  of  the  final  adjustment,  wliich  appear 
in  Table  12  (p.  75).  They  suffice,  however, 
for  the  present  purpose. 


Table  3.— 

Data  connected  with  changes 

in  mode  of  transportation. 

Q 

First  critical  point. 

Second  critical  point. 
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88 
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.66 
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48 

73 
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70 
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1.34 
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41 

41 
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3.25 
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70 

70 

1.70 
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1.00 
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95 

95 
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1.00 
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3.24 
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.182 

1.20 

.068 
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33 

25 
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.051 
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1.00 

.107 
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76 

57 

1.76 

.099 
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1.32 

.545 

.87 

.145 
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80 

1.53 
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.734 

.75 

.178 
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3.73 
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.asi 
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67 

34 
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.062 
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219 
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71 
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98 
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The  factors  were  then  plotted  in  various 
combinations  on  logarithmic  section  paper,  and 
certain  approximate  nmnerical  relations  were 
thus  discovered.  The  first  critical  point  is 
reached  when  <j!  =  0.016  TV,  or  when  d  = 
0.0045  ii'-'^  The  second  critical  point  is 
reached  when  (^  =  0.004  V^'^,  or  when  c/  = 
0.0003  ii'"".  The  coefRcients  and  exponents 
are  not  well  defined  by  the  data,  but  the 
general  indications  are  (1)  that  each  change  in 
phase  occurs  when  the  depth  of  water  bears 
a  certain  numerical  relation  to  a  power  of  the 
mean  velocity  near  the  cube,  and  (2)  that  the 
changes  occur  when  the  depth  bears  a  certain 
numerical  relation  to  the  amount  of  load 
carried  in  each  unit  of  width  of  current. 

At  the  bottom  the  stream  is  limited  and 
restricted  by  the  bed  of  d6bris;  at  the  top  by 
the  water  surface.  To  the  space  between  these 
bounds,  a  space  measured  by  the  depth,  the 
eddies  or  convolutions  of  the  current  are  con- 
fined. Within  the  range  of  conditions  covered 
by  the  experiments  the  normal  mode  of  flow 
involves  sinuosity  of  the  filamonts  of  current, 
and  the  tendency  toward  diversity  of  internal 
movement  is  strong  in  proportion  as  the  veloc- 
ity is  high.  A  particular  relation  between 
depth  and  velocity  corresponds  to  a  sort  of 
equilibrium  between  the  factors  of  tm-bulence 
and  restraint,  in  accordance  with  winch  the 
sinuosity  of  the  lines  of  flow  is  reduced  to  a 
minimum  and  the  water  surface  and  channel 
bed  are  approximately  plane.  This  gives  the 
smooth  phase  of  traction.  When  the  depth  is 
increased  without  increase  of  velocity,  the 
reduction  of  restraint  permits  the  develop- 
ment of  internal  diversity,  and  this  carries  with 
it  diversity  of  the  plastic  bed,  giving  the 
dmie  phase  of  traction.  When  the  velocity 
is  increased  without  increase  of  depth,  the 
restraint  is  overpowered,  and  a  diversified  but 
systematic  arrangement  of  flow  Imes  develo])s, 
which  carries  with  it  systematic  diversity  of 
both  water  surface  and  channel  bed  and  gives 
the  antidune  phase. 

There  wUl  be  occasion  to  speak  of  these 
relations  in  another  connection  in  Chapter 
XIV. 

It  may  be  noted,  as  a  possible  contribution 
toward  an  explanatory  analysis,  that  gravity 
opposes  the  current  on  the  upstream  side  of 
the  antidune  (fig.  11)  and  assists  the  current  on 


the  downstream  sitle.  It  is  where  gravity  ac- 
celerates that  load  is  increased  by  erosion,  and 
where  gravity  retards  that  load  is  reduced  by 
deposition.  In  the  case  of  the  dune,  however, 
erosion  occurs  where  gravity  is  a  retarding 
force.  But  here  the  descending  current,  which 
is  accelerated  by  gravity  and  which  is  observed 
to  have  gamed  speed,  is  free  from  the  bed  and 
bears  no  load  (fig.  10).  In  order  to  transport 
when  it  resumes  contact  with  the  bed  it  must 
take  debris  from  the  bed,  and  by  so  taking  it 
erodes. 

UNITS. 

The  system  of  units  to  which  the  laboratory 
data  have  been  reduced  and  which  will  be  cm- 
ployed  in  their  discussion  is  hybrid  in  that  it 
uichides  the  foot  and  the  gram.  The  foot  is 
made  the  fundamental  unit  for  length,  area, 
and  volume  because  it  is  the  unit  employed  gen- 
erally by  English-speakmg  engineers.  The 
gram  is  made  the  unit  of  mass,  primarily  be- 
cause it  is  of  convenient  magnitude,  but  also 
because  of  the  manifest  advantage  of  mtro- 
ducmg  the  metric  system  wherever  no  practical 
difficulties  interfere.  It  happens  that  the  two 
measures  which  are  given  in  grams  are  of  cate- 
gories unfamiliar  alike  to  the  engineer  and  the 
general  reader,  so  that  the  gram  unit  encounters 
no  conflicting  habit  of  thought.  One  measure 
is  the  mass  of  a  grain  of  sand  or  a  pebble,  the 
other  the  mass  of  the  debris  carried  by  a  stream 
in  a  second. 

The  unit  of  time,  for  the  indication  of  rates, 
is  one  second.  Velocity  is  given  in  distance  per 
second,  ft./sec. ;  discharge  in  volume  per  second, 
f t.^/sec. ;  and  load  in  mass  per  second,  gm./sec. 

In  hych'aulic  and  hytbodynamic  treatises 
slope  of  streams  is  measured  by  the  quotient  of 
fall  by  distance,  or  the  tangent  of  its  angle,  and 
the  unit  slope  is  taken  as  45°.  For  practical 
purposes  this  unit  is  inconvenient  because  it 
transcends  experience,  and  engineers  commonly 
avoid  it  by  speaking  of  slope  in  percentage  or 
m  fractions  of  1  per  cent,  thus  making  1  per 
cent  the  actual  unit.  For  most  purposes  I 
find  the  smaller  unit  most  convenient,  but  I 
have  occasional  use  for  the  larger  unit  and  shall 
accordingly  use  both.  To  avoid  confusion  the 
symbol  S  wiU  be  used  with  the  smaller  unit, 
and  where  discrimination  is  important  it  will 
be  called  per  cent  slope,  while  the  symbol  s  will 
be  used  with  the  larger  unit.     /?=  100  s. 
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Load. — The  quantity  of  debris  transported 
by  a  stream  tlirough  any  cross  section  in  a  unit 
of  time  is  its  load  at  that  section.  A  part  is 
carried  in  suspension  and  a  part  by  traction, 
but  as  we  are  here  concerned  with  traction 
only,  the  tractional  load  is  to  be  understood 
when  the  word  is  used  without  specification. 
Load  is  measured  in  grams  per  second,  gm./sec. 
For  certain  engineering  purposes  it  is  desirable 
to  consider  load  as  volume,  not  as  the  sum  of 
the  volumes  of  iinlividual  grauis,  but  as  the 
gi'oss  space  occupied  by  the  debris  as  a  natin-al 
deposit.  For  the  debris  used  in  the  experi- 
ments in  stream  traction,  with  the  mixture 
of  sizes  ordmarily  found  in  a  river  deposit,  the 
weight  of  1  cubic  foot  is  about  50,000  grams,  or 
110  pounds.     The  symbol  for  load  is  L. 

Capacity. — The  maximum  load  a  stream 
can  carry  is  its  capacity.  It  is  measured  in 
grams  per  second,  gm./sec.  As  the  work  of 
the  laboratory  was  largely  to  determine 
capacity  by  measuring  maxmium  load,  the 
two  terms  are  to  a  large  extent  interchangeable 
iu  the  discussion  of  laboratory  data,  but  the 
distinction  is  nevertheless  important.  The 
sjrmbol  for  capacity  is  C. 

Capacity  is  a  function  of  various  conditions, 
such  as  slope  and  discharge,  and  the  chief 
purpose  of  the  laboratory  mvestigation  was  to 
discover  the  relations  of  capacity  to  conditions. 
AVhen  a  fuUy  loaded  stream  undergoes  some 
change  of  condition  afi'ecting  its  capacity, 
it  becomes  thereby  overloaded  or  underloaded. 
If  overloaded,  it  drops  part  of  its  load,  making 
a  deposit.  If  underloaded,  it  takes  on  more 
load,  thereby  eroding  its  bed.  Through  these 
reactions  the  ])rofiles  of  stream  beds  are 
adjusted,  so  far  as  stream  beds  are  composed  of 
debris.  If  the  bed  is  of  rock  m  place,  the  under- 
loaded stream  can  not  obtam  its  complement 
of  debris,  but  nevertheless  it  attacks  the  bed. 
By  dragging  debris  over  the  rock  it  files  or 
corrades  the  bed  of  its  channel.  It  is  a  general 
fact  that  the  loads  of  streams  flowing  on  bed- 
rock are  less  than  their  capacities. 

Competence. — Under  certam  combinations  of 
controlling  factors  capacity  is  zero  or  negative. 
If  then  some  one  factor  be  changed  just  enough 
to  render  capacity  positive,  that  factor  in  its 
new  condition  is  said  to  be  competent,  or  else 


to  be  a  measure  of  the  stream's  competence. 
For  example,  a  stream  at  its  low  stage  can  not 
move  the  debris  on  its  bed;  with  increase  of 
discharge  a  velocity  is  acquired  such  that 
traction  begins;  and  the  discharge  is  then  said 
to  be  competent.  A  stream  flowing  over 
a  too  gentle  slope  has  no  capacity,  but  coming 
to  a  steeper  slope  it  is  just  able  to  move  debris; 
the  steeper  slope  is  said  to  be  competent.  A 
current  flowing  over  debris  of  various  sizes 
transports  the  finer  but  can  not  move  the 
coarser;  the  fuieness  of  the  debris  it  can  barely 
move  is  the  measure  of  its  competence. 

Discharge. — The  quantity  of  water  passing 
through  any  cross  section  of  a  stream  in  a  unit 
of  tune  is  the  discharge  of  the  stream  at  that 
point.  It  is  measured  in  cubic  feet  per  second, 
ft.Vsec.     The  symbol  is  Q. 

Slope. — The  inclination  of  the  water  surface 
in  the  direction  of  flow  is  known  as  the  slope  of 
the  stream.  It  is  the  ratio  which  fall,  or  loss 
of  head,  bears  to  distance  in  the  direction  of 
flow.  Per  cent  slope,  as  explained  on  page  34, 
is  numerically  100  times  as  great,  being  the 
fall  in  a  distance  of  100  units.  The  terms 
slope  and  per  cent  slope  are  also  apphcd  m 
this  report  to  the  inclination  of  the  bed  of  the 
channel. 

Size  of  dehris. — The  relative  magnitude  of 
the  debris  particles  making  up  the  load  may  bo 
considered  from  two  opposed  viewpoints. 
Thus  we  may  say  that  the  load  varies  inversely 
with  the  coarseness  of  the  debris,  or  that  it 
varies  directly  with  the  fineness.  The  second 
view][)omt  is  here  preferred  because  it  conduces 
to  symmetry  in  formulation.  Two  very  dif- 
ferent measures  of  fineness  have  been  con- 
sidered, and  on  page  21  the  material  of  the 
laboratory  is  listed  under  both.  One  defines 
fineness  by  the  number  of  particles  which, 
placed  side  by  side,  occupy  the  luiear  space  of 
1  foot.  The  other  defuies  it  by  the  number  of 
particles  required  to  fill  the  space  of  1  cubic 
foot.  Linear  fineness  is  the  more  readily 
conceived,  because  it  appeals  to  vision.  Bulk 
fineness  is  the  more  easily  determmed.  The 
symbol  of  hnear  fineness  is  F,  of  l)ulk  fine- 
ness F^. 

Form  ratio. — Of  the  variable  factors  which 
in  combination  produce  the  multifarious  chan- 
nel forms  of  natural  streams,  the  laboratory 
dealt  extensively  with  but  a  smgle  one,  the 
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relation  of  depth  to  width.  The  rehition  is  a 
simple  ratio,  aud  either  of  the  two  terms 
might  be  made  the  divisor.  The  width  has 
been  chosen  because,  as  in  the  case  of  fineness 
its  selection  conduces  to  symmetry  in  formula- 

tion.  The  ratio  ^j^^^^S  -"  ^e  caUed 
foTm  ratio.     Its  symbol  is  R. 

Duty  and  efficiency. — Capacity  varies  with 
discharge,  but  is  not  proportional  to  it.  The 
load  which  may  be  borne  by  a  unit  of  dis- 
charge varies  with  the  discharge  and  also  with 
the  other  conditions.  It  is  the  capacity  per 
unit  discharge,  or  tlie  quotient  of  capacity  by 
discharge,  and  will  be  called  the  duty.  The 
symbol  is  U. 

Capacity  varies  also  with  slope  but  is  not 
proportional  to  it.  As  the  product  of  discharge 
by  slope  (by  the  acceleration  of  gravity) 
measures  the  stream's  potential  energy  per 
unit  time  per  unit  distance,  capacity  also  varies 
with  the  energy  but  is  not  proportional  to  it. 
The  load  which  may  be  borne  by  a  unit  of  dis- 
charge on  a  unit  slope  varies  with  all  the  con- 
ditions of  transportation.  It  is  the  capacity 
per  unit  discharge  and  unit  slope,  or  the  quo- 
tient of  capacity  by  the  product  of  discharge 
and  slope,  and  will  be  called  the  efficiency. 
It  is  a  measure  of  the  stream's  potential  work 
of  transportation  m  relation  to  its  potential 
energy.     Its  S3rmbol  is  E. 

The  primary  definition  of  efficiency  in  me- 
chanics is  the  ratio  of  work  done  to  energy  ex- 
pended; it  implies  that  the  work  may  be  ex- 
pressed in  the  same  unit  as  energy.  The  ratio 
is  always  less  than  unity.  But  there  is  an 
important  secondary  use  of  the  term,  applied 
to  cases  in  wliich  the  result  accomplished  can 
not  be  expressed  in  terms  of  energy.  In  such 
cases  the  ratio  may  have  any  magnitude,  as  it 
arises  from  the  comparison  of  incongruous 
quantities.  It  does  not  measure  economy  of 
energy  but  relative  accomplishment  in  resjaect 
to  any  condition  selected  for  comparison.  As 
capacity  for  transportation  is  not  statable  in 
units  of  energy,  the  use  of  the  term  efficiency 
in  this  connection  falls  under  the  second  defini- 
tion. 

Symbols. — An  index  of  symbols,  with  brief 
definitions  and  references  to  pages  for  fuller 
definition,  may  be  found  on  page  13. 


TABLE  OF  OBSERVATIONS  ON  STREAM 
TRACTION. 

The  observations  on  stream  traction  are 
presented  in  Table  4.  As  the  original  notes 
are  voluminous,  certain  combinations  and  re- 
ductions were  made  before  tabulation.  The 
reduction  of  the  slope  observations  involved 
discrimination,  and  the  mode  of  reduction  is 
therefore  described  below.  Each  horizontal 
line  of  the  table  contains  the  record  of  a  single 
experiment. 

The  observations  are  arranged  according  to 
(1)  fineness  of  debris,  (2)  width  of  channel, 
(3)  discharge,  (4)  load  and  slope.  The  cate- 
gories of  fineness  begin  with  single  sizes, 
taken  in  order  from  fine  to  coarse,  and  follow 
with  mixtures;  they  constitute  subtables,  each 
designated  by  a  letter  in  parentheses.  The 
arrangement  by  load  and  slope  is  approximate 
only.  In  a  general  way  the  sequences  of  load 
and  slope  are  parallel,  each  increasing  as  the 
other  increases,  but  the  data  are  not  per- 
fectly harmonious,  and  where  the  two  se- 
quences differ  the  arrangement  is  somewhat 
irregular. 

The  first  column,  for  all  divisions  of  the 
table  except  (J),  gives  width  of  trough;  the 
second,  discharge.  The  third,  fourth,  and 
fifth  pertain  to  load  and  give,  respectively, 
the  load  as  measured  by  debris  fed  at  the 
head  of  the  trough,  the  load  as  measured  by 
debris  caught  at  the  outfall  end,  and  the 
period,  in  minutes,  during  which  debris  was 
collected  at  the  outfall  end.  The  precision  of 
measurement  is  probably  somewhat  higher 
where  the  period  is  relatively  long. 

The  next  thi'ee  columns  pertam  to  slope. 
The  sLxth  contams  the  slope,  in  per  cent,  of 
the  water  surface;  the  seventh,  the  slope  of 
the  bed  of  debris  as  shaped  by  the  current; 
and  the  eighth,  the  extreme  distance  between 
points  at  which  were  made  observations  used 
in  computing  the  slope  or  slopes.  Nearly  all 
the  experiments  for  which  the  recorded  dis- 
tance is  16  feet  or  less  were  made  in  the 
shorter  trough,  of  which  the  gross  length  was 
31.5  feet,  the  distance  between  the  debris- 
feeding  apparatus  and  the  debris-arrestuig  ap- 
paratus being  24.5  feet.  The  experiments  for 
which  the  recorded  distance  exceeds  16  feet 
were  made  m  the  longer  trough,  the  distance 
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from  the  feeding  station  to  the  collecting  sta- 
tion being  at  least  16  feet  longer  than  the 
space  covered  by  the  observations  used  in  the 
computation. 

The  ninth  column  shows  the  depth  at  a 
single  point  as  measured  by  the  gage  (see 
p.  21);  the  tenth  gives  the  mean  depth  as 
estimated  from  the  records  of  water  profile  and 
bed  profJe  (see  p.  2.5). 

In  the  eleventh  column,  headed  "Character 
of  bed,"  a  generalization  is  given  from  notes 
on  the  mode  of  transportation,  the  condition 
of  the  water  surface  during  the  run,  and  the 
condition  of  the  bed  of  debris  after  the  with- 
drawal of  the  water.  The  original  notes  are 
somewhat  varied  in  scope  and  nomenclature, 
and  it  seemed  best  to  make  the  tabulated 
record  more  simple.  The  words  dunes,  smooth, 
and  antidums  denote  the  three  modes  of  trac- 
tion described  on  pages  30-33.  The  word 
transition  is  used  where  the  mode  of  traction 
was  intermediate  between  one  of  the  rhythmic 
modes  and  the  smooth  mode,  and  also  where 
difl'erent  modes  of  traction  obtained  m  difl'er- 
ent  parts  of  the  trough. 

In  the  final  colunui  the  word  free  indicates 
that  the  contractor  (p.  25)  was  not  used,  but 
the  experiment  trough  retained  its  full  width 
to  the  end. 

The  reduction  of  the  slope  observations  was 
preceded  by  a  careful  study  of  them  with  refer- 
ence to  their  systematic  and  accidental  errors. 
As  a  result  of  that  study  certain  criteria  of 
exclusion  were  adopted,  by  means  of  wliich,  it 
is  thouglit,  the  influence  of  systematic  errors 
was  materially  reduced.  The  criteria  were 
applied  tlirough  an  inspection  of  the  plotted 
profiles  of  water  sm'face  and  debris  bed.  The 
observations  excluded  were  those  beheved  to 
be  much  affected  either  by  the  peculiar  con- 
thtions  near  the  head  of  the  trough  or  by  the 


peculiar  conditions  n((ar  tlie  outfall  end,  so 
that  the  retained  observations  constituted  a 
continuous  series  covering  the  middle. 

The  observations  to  be  reduced  were  as- 
cribed equal  weights.  They  consisted  of  a 
series  of  level  readings  (h„,  h„  \  .  .  .  A„_i, 
A„),  each  gi\-ing  the  vertical  distance  of  a  point 
of  the  debris  surface,  or  of  the  water  surface, 
below  a  horizontal  plane  of  reference,  together 
with  the  horizontal  distances  of  the  same 
points  from  an  initial  point  in  the  axis  of 
the  trough.  The  observed  points  being  at 
equal  intervals  along  the  trough,  and  the  zero 
of  distances  being  made  coincident  with  the 
first  of  the  observed  points,  the  horizontal  dis- 
tances may  be  represented  by  0,  I,  21,  .  .  . 
{n—Dl.  The  following  formula'  was  used  to 
compute  the  slope,   the  number  of  terms  in 

numerator   or   denominator    being   :j  when   n 

1  1  "  +  1     1 

was  an  oven  number,  and     .,  -  when  ;;  was  odd. 


The  numerical  operations  were  simple. 

In  di\-ision  (J)  of  the  table  the  arrangement 
is  somewhat  tUfferent,  and  a  column  is  adiled 
at  the  left.  The  division  records  experiments 
made  with  debris  prepared  by  mixing,  in  defi- 
nite proportions,  two  or  more  of  the  grades  of 
debris  to  wliich  the  preceding  divisions  pertain. 
The  notation  adopted  to  designate  these  mix- 
tures is  analogous  to  that  for  chemical  com- 
pounds, subscript  figures  being  used  to  indicate 
approximate  proportions.  TMs  notation,  to- 
gether with  the  more  precise  indication  of  the 
proportions,  is  given  in  the  left-hand  column. 

1  Essentially  a  leasl-squares  formula,  although  developed  from  appa- 
rently independent  considerations. 
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Table  4  {A).~Obserrations  on  load,  slope,  and  depth,  uith  debris  having  25.200  particles  to  the  gram,  or  grade  (A). 


Dis- 
charge. 

Load. 

Slope. 

Depth. 

Width. 

Feed. 

Collec- 
tion. 

Period. 

Water 
surface. 

Bed. 

Dis- 
tance. 

By  gage. 

Bv  pro- 
flies. 

Character  of  bed. 

Outfall. 

Feel. 
0.66 

Ft.'Isec. 
0.093 

Gm.lsec. 
27 
67 

Gm.lsec. 
74 

Minutes. 
5 
5 

Per  cent. 
1.12 

Per  cent. 
1.22 
2.14 

Feet. 
16 
16 

Feel. 
0.065 

Feel. 
0.083 

Do. 

.182 

19 
93 

IS 
96 

10 
4 

.69 
1.59 

16 
14 

.126 
.095 

Do. 

.545 

59 
147 

58 
157 

5 
3 

.56 

.55 
1.07 

16 
16 

.272 

.284 

Do. 

1.00 

.182 

10.5 
151 

9.4 

155 

10 
3 

.58 

.53 
2.04 

16 
16 

.118 

.136 

Do. 

.363 

20 
240 

19 
245 

8 
3 

.42 
1.64 

14 
16 

.175 

Do. 

.734 

52 
317 

51 
317 

4 
3 

.44 
1.19 

14 
16 

.264 

Do. 

1.32 

.182 

17 
18 
23 
37 

50 

73 
129 
130 

12 
18 
17 
21 
38 
51 
68 
73 
120 
135 

10 
10 
10 
8 
6 
5 
5 
5 
5 
3 

.65 
.83 

.63 
.75 
.73 
.79 
.99 
1.10 
1.37 
1.41 
1.79 
1.86 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

.091 
.084 
.075 
.080 
.063 
.058 
.061 
.060 

.106 
.091 

do 

do 

Do. 
Do. 

.80 

.083 
.087 
.079 

do 

Do. 
Do. 

1.11 

Do. 

Do. 

Do. 

Do. 

Do. 

.363 

7.3 

42 

45 

44 

65 

69 
125 
121 

8.9 

38 

41 

43 

74 

76 
133 
140 
177 
202 
240 

8 
6 
5 
5 
4 
5 
4 
5 
4 
4 
4 

.37 
.60 

.27 
.51 
.58 
.67 
.84 
.90 
1.18 
1.14 
1.43 
1.55 
1.65 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

.191 
.124 
.115 
.112 
.112 
.130 
.115 
.106 
.089 
.097 

.195 
.131 

Do 

Do. 

Do. 

.77 

Do. 

Do. 

do 

Do. 

do 

Do. 

214 

Do. 

Do. 

.734 

38 
82 
86 
127 
151 
191 
176 

38 
84 
89 
156 
154 
192 
215 
240 
327 
365 

5 
4 
4 
4 
3 
3 
3 
3 
3 
3 

.35 
.53 

.35 
.48 
.51 
.73 
.83 
.81 
.97 
.95 
1.13 
1.24 

10 
16 
16 
16 
16 
16 
16 
16 
16 
16 

.267 
.207 

.205 
.198 
.190 

Do. 

do 

Do. 

Do. 

do 

Do. 

Do. 

Do. 

do 

Do. 

do 

Do. 

Do. 

.363 

8.1 

20 

19 

33 

58 

81 
128 
143 
128 
192 
215 
227 

8.7 

20 

21 

32 

60 

92 
127 
128 
144 
179 
193 
218 
264 
283 

6 
6 
6 
5 
5 
5 
5 
5 
4 
4 
4 
4 
3 
3 

.50 

.36 
.41 
.55 
.60 
.78 
.94 
1.10 
1.17 
1.18 
1.38 
1.50 
1.59 
1.73 
1.77 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

.179 
.118 
.118 
.103 
.090 
.082 
.073 
.077 
.075 
.072 
.076 
.067 
.069 
.070 

.187 

Do. 

.69 
.67 
.78 
.97 

.129 
.107 
.097 
.084 

Do. 

Do. 

Do. 

Do. 

.     .do 

Do. 

do 

Do. 

.do     . 

Do. 

Do. 

Do. 

do 

Do. 

Do. 

[Antidunes]. 

Do. 

.734 

7.7 

32 

74 

70 
105 
148 

8.3 
33 

a3 

80 
105 
163 
167 
179 
231 
279 

10 
6 
4 
5 
5 
4 
4 
3 
3 
3 

.18 

.18 
.36 
.45 
.49 
.56 
.79 
.75 
.94 
.98 
1.01 

16 
12 
16 
16 
16 
16 
16 
16 
16 
16 

.283 
.180 
.156 
.156 
.137 
.142 
.135 
.129 
.135 
.130 

.293 

Do. 

Do. 

.58 
.79 

.152 

Do. 

.146 

do 

Do. 
Do. 

Do. 

214 
221 

Do. 

Do. 

Do. 

1.119 

94 
99 
1S6 
169 
180 
198 
221 

91 
102 
130 
188 
221 
229 
258 
291 
341 
346 

4 
4 
4 
3 
3 
3 
4 
3 
3 
3 

.30 

.45 
.39 
.57 
.59 
.63 
.60 
.81 
.79 
.95 
1.02 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

.220 
.207 
.194 
.196 
.182 
.187 
.165 
.179 

.214 

Do. 

.33 

.201 

Do. 

..do 

Do. 

.do 

Do. 

Do. 

Do. 

Do. 

.do     . 

Do. 

.176 

do 

Do. 

THE    OBSERVATIONS. 
Table  4  (B). — Observations  on  load,  slope,  and  depth,  uith  debris  having  lo,400  particles  to  the  gram,  or  grade  (B). 
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Dis- 
charge. 

Load. 

Slope. 

Depth. 

Character  of  bed. 

Width. 

Feed. 

Collec- 
tion. 

Period. 

Water 
surface. 

lied. 

Dis- 
tance. 

By  gage. 

""l^t 

Uutfall. 

Feel. 
0.23 

Fl.'Isec. 
0.093 

Gm.lsec. 

Gm.ltec. 
4.0 
6.7 
8.1 

20 

33 

Minutes. 

9 

Per  cent. 

Per  cent. 
0.85 
.94 
1.01 
1.49 
2.12 

Feet. 
16 
16 
16 
16 
16 

Feet. 
0.192 
.184 
.174 
.146 

Feet.     1 
1  Transition 

Free. 

1 do 

Do. 

Do. 

....do 

Do. 

Do. 

.182 

4.0 
18 
31 
32 

10 
6 

.73 
1.12 
1.55 
1.55 

16 
16 
16 
16 

.364 
.284 
.230 
.232 

Free. 

Do. 

Transition 

Do. 

do 

Do. 

.093 

5.3 
11 
18 
34 
53 
64 

6 
4 

4 

.73 
.90 
1.18 
1.62 
2.31 
2.38 

16 
16 
16 
16 
16 
16 

.136    

.110    

Free. 

Do. 

.093 

Do. 

.070 
.072 
.068 

Do. 

do 

Do. 

! do 

Do. 

.182 

8.5 
16 
27 
73 

76 

6 

8 
4 

.50 
.75 
.98 

16 
16 
16 
16 
16 

.194 
.177 
.146 

Do. 

Do. 

Do. 

1.73 

.  .do 

Do. 





.66 

.093 

5.1 
9.2 

17 

15 

22 

28 

34 

41 

53 

57 

93 

8 
6 

9 
5 
5 
5 
5 

!S4 
1.23 
1.32 
1.41 
1.47 
1.63 
2.01 

16 
16 
16 
12 
16 
16 
16 
16 
16 
16 
16 

.089    

.080    

.060    

.059    

Dunes 

Free. 

do 

Do. 

Do. 

Transition 

Do. 

do 

Do. 

.050 

do 

Do. 

.056 
.054 
.049 
.058 
.037 

do 

Do. 

do 

Do. 

Do. 

2.17 
2.96 

do 

Do. 

' do 

Do. 

.182 

4.8 
3.5 

14 

15 

23 

27 

24 

42 

47 

41 

51 

4.2 
6.0 

12 

16 

20 

21 

19 

42 

39 

44 

47 

55 

55 

55 

67 

72 

88 
105 
112 
119 
126 
139 
159 
169 
213 
236 
254 
268 
377 

8 

.s 

6 
8 
4 

8 

6 
9 

8 
5 
8 
5 

4 
5 
6 
6 
4 
5 

5 
4 
3 
3 
4 
3 

0.32 
.37 

.35 
.36 
.69 
.68 
.66 
.72 
.81 
.98 
1.06 
1.18 
1.17 
1.32 
1  35 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
18 
16 

.175 
.175 

0.183 
.183 

do 

Do. 
Do. 

.137 
.113 
.110 
.107 
.113 
.101 

Do. 

Free. 

Do. 

Do. 

Do. 

Do. 

Do. 

.112 
.107 

Do. 

Do. 

55 

Do. 

1.36 

.103 

do 

Do. 

Do. 

81 

1.54 
1.51 
2.00 
1.88 
2.05 
2.24 
2.19 
2.46 
2.79 
3.14 
3.06 
2.91 
2.93 
4.03 

do 

Do. 

.091 
.082 
.083 
.077 

Do. 

Do. 

Do. 

do 

Do. 

166 

Do. 

.115 
.096 
.082 

Do. 

Do. 

do 

Do. 

do 

Do. 

do 

Do. 

1 

do 

Do. 

do 

Do. 

j 

do 

Do. 

.363 

29 
44 

52 

58 
73 

29 
40 
39 
49 

55 

91 
104 
148 
152 
164 
167 
186 
226 

5 
8 
6 
6 
5 
4 
5 
5 
4 
5 
4 
5 
3 
4 

.51 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
14 
16 
16 

.216 
.212 
.205 
.202 
.188 
.178 
.189 
.191 
.177 
.155 

.221 

Transition 

do 

Contracted. 

.68 
.69 
.75 
.80 
.98 
.99 
1.14 
1.54 
1.43 
1.63 
1.66 
1.71 
l.Sl 

Free. 

do 

Do. 

Smooth 

do 

Do. 

Do. 

Transition 

Antidunes 

do 

[Antidunes] 

do 

Do. 

Do. 

Do. 

Do. 

Do. 

do 

Do. 

.158 

do 

Do. 

do 

Do. 

do 

Do. 

.545 

5.8 

16 

35 

54 

68 

81 
104 
111 
132 
169 
242 
271 
304 

6 
9 

6 
6 

5 
5 
5 
3 
3 
3 

.18 

.21 
.23 
.46 
.63 
.74 
.72 

189 
1.00 
1.32 
l.Sl 
l.Sl 
1.79 

16 
14 
14 
16 
16 
14 
16 
16 
16 
16 
16 
16 
16 

.471 
.367 
.291 
.292 
.258 
.260 
.220 
.226 
.   .230 
.231 

.472 
.'366' 

Contracted. 

16 
34 
64 

67 
79 
108 
105 

do 

Do. 

.47 

do 

Free. 

.do 

Do. 

Do. 

Do. 

Do. 

Do. 

do 

Do. 

...do....' 

Do. 

1 do 

Do. 
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Table  4  (B).— Observations  on  load,  slope,  and  depth,  with  debris  having  13,400  panicles  to  the  gr-xm.  or  grade  (B)~Con. 


Slope. 


1.00 
1.51 
1.66 
1.7S 


1.46 
1.63 
1.65 
1.84 
2.10 


1.16 
1.30 
1.46 


By  gage.    By  pr<^ 


Character  of  bed. 


Smooth 
Antidui 
.    .do. 


[Antidunes], 


DunCj  forming. 
[Dunes] 


[.Vnlidiines]- 


Smooth 

Tran.sition . 
Antidunes. 


[Antidunes]. 


.do 

Transition. . 

Smooth 

Antidunes. . 

.do 

[vVntidimes]. 

.do 

.do 

Dunes 

g)unes] 
unes 


Free. 

Contracted. 

Free. 


1.  IS 
1.22 
1.41 
1.66 


[-\ntidunes]. 


Do. 
Do. 
Do. 


Dunes., 
[Dunes], 


Dunes,.. 
[Dunes]. 
Dunes. . . 


[.\ntidunes]. 
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Table  4  {B)—Obscrvalions  on  loud,  slope,  and  depth,  with  debris  having  hiAOO  panicles  to  the  gram,  or  grade  (B)— Con. 


slope. 


Gm.jsec.    Gm.jsec. 


Minutes. 


Per  cent. 
1.54 
1.G3 

1.90 
2.12 


1.28 
1.49 
1.49 
l.K 


Character  of  bed. 


[Am  idunes) . 


Contracted. 
Do, 
Do. 


Contracted. 
Free. 
Do. 


1.01 
1.10 
1.14 
1.17 
1.35 
1.4o 
1.51 
1.65 
1.66 


[Antidunes] . 


Do. 
Do. 
Do. 


1.21 
1.45 
1.4S 
1.62 
1.64 
1.81 
2.00 


[Antidunes] . 


1.58 
1.54 
1.61 


do 

Antidunes. . 
[.\nt  idunes). 
.\ntidunes. . 
[.\ntidunesl- 
.\nt idunes. . 


1.05 
l.W 
1.05 
1.40 
1.39 
1.38 
1.45 
1.64 


Antidunes. . 

do 

(Antidunes). 
Antidunes.. 
[Antidunes). 
.\ntidunes. . 
[.\ntidunes). 
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Table  4  (B). — Observations  on  had.  slope,  and  depth,  with  debris  having  1-3.400  particks  to  the  gram,  or  grade  {B\ — Con. 


Dis- 
charge. 

Load. 

Slope. 

Depth. 

Character  of  bed. 

Width. 

Feed. 

Collec- 
tion. 

Period. 

Water 
surface. 

Bed. 

Dis- 
tance. 

By  gage. 

^ur 

Outfall. 

Feel. 
1.96 

Ft.'lsec. 
1.119 

Qm.lsec. 
6.5 
14 
29 
53 
112 

Gm.jsec. 
0.4 
13 
32 
59 
109 
110 
129 
191 
230 
317 
310 
336 
353 
406 
418 

Minutes. 
10 
10 
11 

t 
6 
5 
4 
4 
3 
2 
2 
2 
3 
3 

Per  cent. 
0.21 
.28 
.37 

Per  cent. 

0.19 
.18 
.32 
.28 
.59 
.61 
.65 
.72 
.73 
.91 

1.00 
.93 
.98 

1.13 

1.31 

Feet. 
16 
16 
16 
12 
16 
16 
12 
16 
16 
16 
16 
16 
16 
16 
16 

Feet. 
0.4U 
.333 
.345 
.229 
.315 
.2U 
.188 
.188 
.184 
.187 
.176 

Feet. 
0.406 
.375 

.337 

Do 

Do. 

Do. 

Do. 

126 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

.145 

Do. 

Table  4  (C). — Observations  on  load,  slope,  and  depth,  with  debris  having  5,460  particles  to  the  gram,  or  grade  (C>. 


Dis- 
charge. 

Load. 

Slope. 

Depth. 

Character  of  bed. 

Width. 

Feed. 

Collec- 
tion. 

Period. 

Water 
surface. 

Bed. 

Dis- 
tance. 

By  gage. 

Bv  pro- 
files. 

Outfall. 

Feet. 

Ft.'Isec. 
0.093 

Gm.lsec. 

Gm.jsec. 
3.2 
5.3 
9.4 
12 
19 
26 
35 
34 
46 

Minutes. 
7 
5 
6 
5 
7 
4 
5 
4 
4 

Per  cent. 

Per  cent. 
0.64 
.85 
.94 
1.01 
L26 
1.45 
1.39 
1.71 
2.24 

Feet. 
16 
16 
16 
16 
16 
16 
16 
16 
16 

Feet. 
0.161 
.141 
.131 
.122 
.117 
.111 
.111 
.100 

Feet. 

Do. 

Do. 

.do 

Do. 

do 

Do. 

do 

Do. 

do 

Do. 

do 

Do. 

Do. 

.182 

9.7 
14 
38 
43 

47 
51 
97 

6 
6 
6 
5 
4 
5 
3 

.61 
.70 
1.33 
1.32 
1.38 
1.52 
2.16 

16 
16 
16 
16 
16 
16 
16 

.235 
.233 

.168 
.176 
.172 
.133 
.138 

Do. 

Do. 

do 

Do. 

.      .do 

Do. 

do 

Do. 

Do. 

.093 

3.5 
8.6 

10 

15 

15 

17 

16 

22 

35 

48 

61 

74 
100 
109 
142 
146 
156 

10 
13 

6 
6 
6 
6 
6 
5 
4 
4 
3 
3 
5 
3 
3 
3 

.54 
.79 
.98 
.97 
1.03 
1.05 
1.11 
1.36 
1.56 
1.98 
2.38 
2.52 
3.02 
3.41 
3.73 
3.79 
4.04 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

.108 
.084 
.077 
.078 
.075 
.077 
.073 
.066 
.063 
.055 
.050 
.052 

Do. 

Do. 

do 

Do. 

do 

Do. 

do 

Do. 

Do. 

Do. 

do 

Do. 

Do. 

do 

Do. 

Do. 

Do. 

do 

Do. 

do 

Do. 

do 

Do. 

do 

Do. 

.182 

2.0 

2.3 
9.7 

16 

18 

18 

28 

39 

45 

72 

78 
105 
113 
123 
133 
146 
155 
163 
190 
205 
220 
217 
246 

420 
11 
8 

7 
6 
5 

0.29 

.24 
.54 
.64 
.76 
.72 
.94 
1.16 
1.17 
1.54 
1.57 
1.95 
2.24 
2.32 
2.33 
2.38 
2.54 
2.63 
2.82 
2.99 
3.03 
3.20 
3.45 

64 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

.242 
.136 

.m 

.132 
.127 
.117 
.096 
.099 

0.238 

do 

Do. 

Do. 

do.   ... 

Do. 

Do. 

Do. 

1.20 

.110 

Do. 

5 

8 

Do. 

1.69 

.089 

.093 

do 

Do. 

4 
4 
4 
4 
3 
4 
3 
4 
3 
3 
3 
3 

Do. 

.062 

Do. 

do 

Do. 

.    .do 

Do. 

do 

Do. 

.    .do 

Do. 

do     .  . 

Do. 

Do. 

Do. 

do 

Do. 

Do. 

Do. 

.363 

22 
32 
34 

37 

5 
5 
6 
4 

.44 
.64 
.70 
.61 

16 
16 
16 
16 

.241 
.222 
.211 
.213 

Dunes 

Do. 

do 

Do. 

38 

[transition] 

Contracted. 
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Table  4  (C) —Observations  on  load,  slope,  and  depth,  with  debris  ha  ling  5.460  particles  to  the  gram,  or  grade  (C)— Con. 


Dis- 
charge. 


Slope. 


Depth. 


Bypro- 


Charact^r  of  bed. 


Transition,, 
[Transition] . 


1.19 
1.23 
1.41 
1.71 
1.87 
1.91 
1.97 
2.04 
2.08 
2.11 
2.29 
2.57 


1.01 
1.12 
1.12 
1.21 
1.53 
1.56 


[Antidunes] . 


Transition.. 
[Transition). 


[Transition]. 


[Smooth] 

Smooth 

Antidunes. . 
[  Antidunes] . 

do 

Antidunes.. 
[  Antidunes] . 


Contracted. 

Free. 

Contracted. 

Do. 

Do. 

Do. 
Free. 

Do. 

Do. 

Do. 

Do. 
Contracted, 

Do. 

Do. 
Free. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 


1.10 
1.31 
1.32 
1.52 


[Transition]. 


2.07 
2.24 
2.32 
2.48 
2.66 


Dunes.. 
(Dunes]. 


Transition.. 
[Transition] . 
Transition.. 


Smooth . . 
[Smooth]. 
Smooth . . 


do... 

do... 

(Smooth] 
do.. . 

Smooth. 


Free. 

Do. 
Contracted. 
Free. 
Contracted. 

Do. 
Free. 

Do. 
Contracted. 
Free. 

Contracted. 
Free. 
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Table  4  (C).— Observations  on  load,  slope,  atui  depth,  with  debris  having  .5.460  particles  to  the  gram,  or  grade  (C)— Con. 


1.98 
2.10 
2.11 
2.48 
2.65 


1.09 
1.00 
1.12 
1.12 
1.2S 
1.50 
1.60 
1.70 


1.29 
1.43 
1.50 
1.51 


1.14 
1.24 
l.Ci4 
2.  OS 
2.23 
2.10 
2.29 
2.31 


1.07 
1.23 
1.27 
1.32 
1.33 
1.46 
1.44 
1.80 
1.92 
2.14 
2.18 
2.30 
2.46 


Character  of  bed. 


[Antidunes] . 


Dunes 

(Dunes] 

Transition. 


Smooth 

Transition . 
Antidunes. 


[Dimesl. 


Dtmes.. 
[Dunes]. 


[Antidunes] . 


Transition . . 
(Transition] . 
(Smooth] 


Transition . . 

....do 

Smooth 

Transition.. 

Antidunes. . 

[j\.ntidunes] . 

.do.. 


.-Vntidimes . 


Contracted. 

Do. 
Free. 


Free. 

Contracted. 

Free. 


Do. 


Dunes Contracted. 


.do 


[Dunes] ] 

Dunes Free 

do I 


Antidunes.. 
[.\ntidunes]. 


.\ntidunes. . 
[Antidunes]. 
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Table  4  (C).— Observations  on  load,  slope,  am/  depth,  with  debris  having  5,460  particles  to  the  gram,  or  grade  ((') Con. 


1    „,_ 

'                      Load. 

1                    Slope. 

De 

By  gage. 

pth. 

rharacler  of  bed. 

1 

1   charge. 

Feed. 

Collec- 
tion. 

r-^-d-      sl^ace.        B^d- 

1    Dis- 
tance. 

1 

1 
By  pro- 
files. 

1      Outfall. 

1 

Feci.      1   Ft.'Isec. 
1.32!        0.545 

Gm.lMo. 

Gm./sec. 
36 

55 

79 

96 
IIS 
159 
210 
24S 
256 
340 
362 
407 
394 

Minutes. 
6 
6 

Per  cent. 

Per  cent. 
0.66 
.62 
.69 
.83 
.85 
1.10 
1.37 
1.57 
1.58 
1.89 
1.95 
2.08 
2.20 

Feel. 
12 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

Feel. 
0.186 
.172 
.152 
.152 
.141 
.132 
.118 

Feet. 

Free. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 

! 

...    do 

5 

4' 
3 
3 
3 
3 
3 

....  do 

do 

....  do 

.734 

4.3 

4.7 

14 

29 

53 

58 

74 
105 
113 
120 
159 
227 
252 
309 
368 
405 
432 

120  1          0. IS 

.16 
0.20 
1.35 
a  .51 

..50 
0.55 

.65 
a  .75 
0.73 

48 

ii' 

ie' 

ie 

16 
16 
16 
16 
16 
16 
16 

.409 
.324 
.292 
.210 
.214 
.189 
.186 
.117 
.183 
.167 
.163 
.149 
.143 

0.416 

'      do   

Do. 
Do. 
Do. 

....  do 

6 

Contracted. 

5 

Contracted. 

Do. 
Free 

4 
4 
4 
3 

.87 
1.05 
1.15 
1.37 



3    1.62 

3    1           1.72 

3    1.S2 

3    1.90 

436 

do ;: 

Do. 

1.9ti 

.31)3             U       1            9.3 

10              .45  i            .33 

16 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

.128 
.106 
.105 
.100 
.089 
.0.80 
.078 
.067 
.063 
.064 
.067 
.061 
.060 

.141 

16 
26 
40 
60 

90 
124 
163 
175 
203 
227 
227 

.59 
.71 
.90 
.99 
1.09 
1.21 
1.41 
1.63 
1.67 
1.85 
1.93 
2.03 

25 

.73 

.113 

do 

do 

do 

Do 

..      do 

Do 

do 

Do 

do 

do 

Do 



....  do 

Do 

.545 

30 
55 

8    .56 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

.148 
.127 
.113 
.115 
.100 
.098 
.094 
.094 
.080 
.071 

5 

6 

4 
4 
4 
4 
3 
3 
3 
3 

.70 
.79 
.92 
1.07 
1.10 
1.34 
1.38 

do. 

79 
101 
138 
165 
210 

....  do 

Do 

Do. 

Do 

do. 

Do 

241 

266      i 
321 
331 

355      i 
3S6 

do. 

Do. 

1.58 
1.8.5 
1.85 
1.96 
2.06 

....  do 

Do 

Do. 

do 

Do. 

do 

Do. 

.734             3f)       1           31 
36       '           41 

8               .42  1             .45 

16 
18 
16 
12 
16 
16 
16 
16 
16 
16 
14 
16 
16 
16 
16 
14 
16 
16 

.205 
.194 
.177 
.171 
.149 
.165 
.1.55 
.155 
•      .120 
.147 
.139 
.117 
.113 
.106 
.105 

.195 
.209 

10               .54 

.41 
.37 
.49 
.60 
.58 
.61 
.60 
.70 
.75 
.92 
1.17 
1.22 
1.31 
1.53 
1.49 
1.45 
1..50 

bunes. 

Do. 

49 
63 

6 

do 

do 

Do. 

70 

..53 

.161 

[Dimes]... 

68       i           73 

7               .46 

bunes.       

Do. 

S7 
101 

96 
166 
241 
259 
302 
331 
350 
362 
368 

4 

3 
4 
4 
3 
3 
3 

do 

Do. 

121 

.67 

.145 

do 

Do. 

Do. 

Do. 

Do. 

1 

Do. 

Do. 

Do. 

' 

Do. 

1 

3    

3    

Do. 

j 

do.. 

Do. 

1.119    90 

117               112 
130               131 
IXt       1         1.3.S 

5    . 

.53 
.61 
.64 
.56 
.65 
.69 
.71 
.78 
.78 
.97 
1.03 
1.12 

16 
16 
16 

16  I 

16  i 

16 

16 

16 

16 

16 

16 

16 

.222 

.188 
.184 
.180 
.196 
.186 
.189 
.178 

Free. 

.68 

.205 
.202 
.180 

4                .60 
6               .  65 

Do. 

....do 

Do. 

140 
149 

129 

.79 

.199 
.192 

Do. 

132      1         13S 

4               .79 

....do 

Do. 

215       I 

3    '. 
3    . 
3    . 

3j. 

....do 

....do ..    . 

Do. 

253 
331 

360      1 
397 

.171  1 

.166 

.152 

Do. 

1 

...do 

Do. 

....do 

Do. 

Do. 

1                    1 

t  Computed  erraphicaUy  from  data  in  a  notebook  afterward  lost. 
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Table  4  (D) .-Observations  on  load,  slope,  and  depth,  n-ith  debris  having  1,460  particles  to  the  gram,  or  grade  (D). 


Dis-      - 
charge. 

Load. 

Slope. 

Depth. 

Character  of  bed. 

Outfall. 

Width. 

Feed. 

Collec- 
tion. 

Period. 

Water 
surface. 

Bed. 

Dis- 
tance. 

By  gage. 

By  pro- 
files. 

Feet. 
0.66 

Fl.'Isec. 
0.093 

Gm-lsec. 

Gm.lsec. 
5.3 
8.1 
13 
20 
21 
29 
36 
45 
47 
62 

Minutes 

6   . 

Per  cent. 

Per  cent. 
0.80 
.94 
1.19 
1.39 
1.68 
■1.83 
1.88 
1.98 
2.25 
2.47 

Feet. 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

Fed. 
0.077 
.077 
.075 
.076 
.063 
.058 
.061 

Feel. 

Dunes 

.  do 

Free. 
Do. 

5 
4 

4 

Transition 

Do. 
Do. 

Do. 

....do 

....do 

Do. 
Do. 
Do. 
Do. 
Do. 

4 

4 
4 

.063 
.056 
.056 

:".;;do:;.: 

....do 

.182 

6.4  ; 

5.8 
14 
17 
23 

6 
6 
6 

.39 
.77 
.82 
.95 
1.10 
1.26 
1.40 
1.95 
2.10 
2.26 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

.166 
.147 
.135 
.123 
.105 
.108 
.108 
.090 
.090 
090 
.093 

Dunes 

....do 

....do 

Transition 

Contracted. 
Free. 

Do. 

Do. 

Do. 

30                      5  [ 
47                       4 
53                       4  1 
83                     8 
108                     9 
121                       4 

'.'.'.'.'.... '.\ 

Smooth 

....do 

....do 

do 

do 

do 

Do. 
Do. 
Do. 
Do 
Do. 
Do. 

.545 

8.0 
8.9 

18 

32 

33 

134 

6.9 
9.5 

17 

27 

37 

64 

92 
145 
172 
203 
209 
218 
231 
331 
310 

4 

6 
5 

5 
4 
5 

3 
3 
3 
3 

.30 

.28 
.61 
.61 

2.39 

.19 
.20 
.51 
.57 
.64 
.81 
.96 
1.25 
1.42 
1.55 
1.58 
1,57 
1.65 
1.98 
2.02 

16 

16 
16 
14 
16 
16 
12 
16 
16 
16 
,    12 
12 
12 
14 
12 
12 

.090 

.460 
.422 
.403 
.318 
.316 
.267 
.237 
217 
.211 
.202 
.209 
.191 
.177 
.196 

0.464 
.425 
.382 
.322 

do 

Dunes 

Contracted. 
Do. 

Do. 

Do. 

Do. 

::;::::::: 

Transition 

Smooth 

do 

Free. 
Do. 
Do 

do 

do 

do 

Do. 
Do. 
Do. 

do 

Do. 

do 

Transition 

Do. 
Do. 

1.00 

.182 

9.5 
16 
22 
27 
28 
48 
49 
56 
80 

7 
5 
5 
5 
4 
4 
4 
4 
4 

.69 
.84 
1.06 

l.as 

1.14 
1.34 
1.39 
1.57 
1.83 

14 

16 
14 
16 
16 
16 
16 
16 
16 

.100 
.094 
.099 
.088 
.086 
.082 
.071 
.066 

Dunes 

do 

Transition 

do 

do 

do 

Smooth 

do 

do 

Do. 
Do. 
Do. 
Do. 
Do. 
Do 
Do 
Do 

.363 

0 

1.8 
1.8 
5.9 

12 

12 

23 

98 
109 
126 
152 

0 

2.3 
2.0 
5.4 
12 
12 
23 
28 
35 
86 
112 
130 
141 
170 
181 
229 
258 

4 
4 
3 

2.33 

2.55 

1          2.75 

14 
14 
16 

40 
28 
24 
24 
20 
20 
24 
16 
16 
16 
16 
14 
16 
14 
16 
14 
14 

.066 
.062 
.064 

.418 
.292 
.283 
.245 
.224 
.235 
.209 
.170 
.164 
.136 
.120 
.116 
.117 
.115 
.103 
.104 
.101 

'= 

do 

do 

do 

Do 
Do 
Do 

Contracted. 

81 
66 
20 
22 
26 
12 
6 

4 
4 
4 
3 
3 
4 
4 
3 

.16 
.19 
32 
.27 
.56 
.53 

.18 
.18 
.25 
.35 
.43 
.58 
.65 
.80 
1.14 
1.32 
1.44 
1.49 
1.65 
1.75 
1.94 
2.11 

.289 
.286 
.252 
.224 
.229 
.199 

Do. 

do 

Do. 
Do. 

Do. 

do 

do 

Dunes 

Do. 
Do. 
Free. 

Do. 

do 

Do. 

do 

Do. 

do 

Do. 

do 

Do. 



do 

Do. 

1.85 
j        2.00 

.099 
.098 

do 

do 

Do. 

.545 

30 
32 

1                   1 

.53 
.55 
.78 
1.11 
1.26 
1.58 
1.61 
1.62 
1.74 
1.91 

16 
16 
16 
16 
16 
16 
16 
14 
14 
14 

.236 
.241 
.187 
.166 
.162 
.136 
.136 
.140 
.136 
.136 

.240 

.   Contracted. 

31      1               4 
66                     4 
143                       4 
168                       4 
229                       4 
256                      3 
281      i               3 

Do. 

.    Transition 

.   Free. 

1 

Do. 



....do 

Do. 

do 

Do. 

do 

Do. 

do 

Do. 

do 

Do. 

340 

!               3 

do 

Do. 
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Table  4  (I)).— Observations  on  load,  slope,  and  depth,  with  debris  having  1,460  partieles  to  the  gram,  or  grade  (Z))— Con. 


Load. 

Slope. 

Depth. 

Width. 

charge. 

Feed. 

Collec- 
tion. 

Period. 

Water 
surface. 

Bed. 

Dis- 
tance. 

By  gage. 

%r 

Character  of  bed. 

Fett. 
1.00 

Ft.'lnec. 
0.734 

Om.lsec. 

0 

5.8 
19 
20 
49 

Gm.lsec. 

0 
6.5 

12 

21 

56 

66 

82 
lOS 
170 
189 
193 
265 
293 
354 
377 

Minutes. 

Per  cent. 
0.085 
.18 

!26 

Per  cent. 

Feet. 
40 
36 
24 
36 
16 
12 
16 
14 
14 
16 
16 
16 
16 
16 
14 

Feet. 

Feet. 

Contracted. 

29 
18 
15 
4 
4 
3 
4 
3 
4 
4 
3 
3 
3 
3 

0.21 
.32 
.37 
.61 
.61 
.75 
.8.3 
.98 
1.09 
1.19 
1.39 
1.46 
1.73 
1.76 

0.491 
.423 
.413 
.285 
.250 
.241 
.220 
.206 
.198 
.195 
.189 
.185 
.175 
.162 

0.482 
411 
.410 

Do. 

Do. 

do 

do 

Do. 
Do. 

Free. 

83 

Contracted. 

Free. 

Do. 

do 

Do. 



do 

Do. 

do 

Do. 

do 

Do. 

do 

Do. 

do 

Do. 

1.32 

.363 
.734 

8.9 

10 

25 

59 

60 
100 
102 
154 
166 
169 
193 
202 

11 
11 
23 
53 
57 
89 
97 
135 
136 
161 
236 
247 

10 
10 

8 
,i 

4 
3 
3 
3 
3 
3 
3 

.50 
.40 
.46 

.30 
.34 

/  .67 
1.00 

i.a5 

1.25 
1.25 
11.54 
1.57 
1.67 
1.89 
1.91 

16 
18 
16 
16 
16 
16 
16 
16 
14 
14 
16 
16 

.137 
.171 
.137 
.124 
M29 
.107 
.111 
.090 
.094 
.089 
.088 
.087 

.140 

.171 
.154 

(Dunes) 

do 

Contracted. 
Do. 

Do. 

Do. 

Free. 

Do. 

do 

Do. 

Do. 

Do. 

do 

Do. 

do 

Do. 

17 
22 
48 
50 
53 
51 
65 
68 
86 
90 
99 
172 
202 
192 
192 

15 

25 
43 
49 
47 
60 
72 
59 

S3 
84 
170 
174 
209 
200 

10 
10 
10 

8 
8 
5 
5 

5 
4 
3 
3 
3 
3 

.28 
.33 
.60 

.51 
.64 

.34 
.37 

.52 
.58 
.61 
.62 
.55 
.70 
.79 
.67 
1.15 
1.00 
.98 
1.15 
1.17 

16 
16 
14 
16 
16 
U 
16 
16 
16 
16 
16 
12 
14 
12 
12 

.360 
970 
^243 
.224 
.233 
.202 
.201 
.206 
.184 
.181 

.354 
.304 
.227 
.248 
.231 

do                    

Do. 

Do. 

do 

Do. 
Do. 

Do. 

Do. 

.66 

.228 
.19^2 

Do. 

Do. 

Do. 

1.28 
1.00 
.97 

.154 
.  160 
.156 
.152 

.164 
.168 

Do. 

do 

...do 

Do. 
Do. 

1        .do 

Do. 

48  TEAXSPOKTATION    OF    DEBRIS   BY   RUNNING    WATER. 

T.\BLE  4  (E). — Observations  on  load,  slope,  and  depth,  vilh  debris  hniing  142  particles  to  the  gram,  or  grade  (E). 


Dis- 
charge. 

Load. 

Slope. 

Depth. 

Character  of  bed. 

Width. 

Feed. 

Collec- 
tion. 

Period. 

Water 
surface. 

Bed. 

Dis- 
tance. 

By  gage. 

\^I"- 

Outfall. 

Feel. 
0.  lif, 

Ft.'Isec. 
0.182 

<}m.lsec. 
25 
25 
31 
31 
31 

Gm.lsec. 
21 
21 
28 
31 
30 

Minutes 
15 
19 
13 
13 
15 

Per  cent. 

Per  cent. 
1.20 
1.27 
1.43 
1.48 
1.50 

Peel. 
16 
16 
16 
16 
16 

1      Feel. 
0.125 
.117 
.115 
.115 
.114 

Feel. 

Contracted. 
Do. 
Do. 
Do. 
Do. 

.3ia 

3S 

3S 
4S 
48 
48 

31 

31 
42 
46 
47 

9 

9 
9 
10 
10 

1.04 

1.04 
1.27 
1.20 
1.29 

16 

16 
16 
16 
16 

.200 

Transition     (dunes     to 
smooth). 

Contracted. 

Do. 
Do. 
Do. 

.197 
.200 
.185 

.734 

48 
48 
96 
90 

47 
30 
93 
97 

6 
C 
4 

4 

1.03 
1.09 
1.43 
1.40 

16 
16 
16 
16 

.372 
.387 

Contracted. 
Do. 
Do. 
Do. 

do 

do 

do 

1.119 

50 
91 
91 
101 
101 
101 
101 
193 
193 
193 

44 
80 
So 
94 
87 
94 
95 
167 
184 
186 

6 
3 
3 
3 
3 
3 
3 
3 
3 
3 

.50 
1.23 
1.31 
1.11 
1.24 
1.31 
1.29 
1..38 
1.28 
1.41 

14 
16 
10 
16 
16 
16 
16 
16 
16 
16 

.562 

Dunes 

Contracted. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 

do 



1.00 

.182 

C.  4 
19 
19 
47 
.50 
50 
78 

19" 

19 

44 

44 

50 

21 
10 
16 
8 
8 
9 
5 

.59 
1.11 
1.12 
1.80 
l.SO 
1.94 
2.42 

16 
16 
16 
16 
16 
16 
16 

Contracted.(  ?) 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 

.094 
.087 
.081 
.077 
.093 

.363 



0.065 
.11 
.23 

32 
32 
48 
48 
48 
32 
16 
16 
16 
16 

.357 
.314 
.241 
.242 
.218 
.212 
.161 

Contracted. 
Do. 



Tr. 
2.9 
2.2 

7.' 9 

53 
104 

168 

"^" " " " ' ;  — ." 

2.1 
2.1 
6.7 
6.6 

24 

50 

93 
142 

61 
60 
20 
20 
34 
9 

4 

.22 
.25 
.44 
.44 
.87 
1.28 
1.83 
2.29 

0.277 

bunes  

Do. 

.46 
.39 
.80 
1.24 
1.92 
2.26 

.215 
.208 
.107 

...  .do..  . 

Contracted. 
Do. 
Do. 

.113 
.110 

.lis' 

do 

do 

.734 

2.'i" 

2.1 
6.9 
6.9 
21 
21 
24 
41 
41 
47 
87 
95 
142 
142 
203 

"■  Tr".'" 

1.7 

3.1; 

4.0 

10 

20 

20 

26 

44 

47 

45 

86 

100 

135 

150 

220 

.04 
.07 

32 
32 
48 
48 
32 
40 
28 
16 
16 
36 
36 
16 
16 
16 
16 
16 
16 

.018 
.562 
.447 
.442 
.411 
.403 
.364 
.303 
.301 
.324 
.326 
.273 
.236 
.223 
.187 
.189 

Contracted. 

70 
03 
31 
25 

8 
IS 
16 
10 

6 

8 

6 

^ 

2 1 

.19 
.18 
.29 
.26 
.46 
.48 
.47 
.73 
.74 
.83 
1.19 
1.23 
1.46 
1.30 
1.61 

Ho 

Do. 
Do. 
Do. 
Do 

.17 
.31 
.31 
.43 

.459 
.403 
.407 
.363 

do 

do 

do 

do 

do 

Do. 
Do. 
Do. 
Do. 
Do. 

.61 

IDunesl 

.82 

Do. 

1.17 
1.50 
1.47 
l.SO 

Do. 
Do. 

Smooth 

1.119 

47 
47 
189 
189 

50 
50 
170 
190 

6 
8 
3 
3 

.52 
.59 
1.15 
1.18 

16 
16 
16 
16 

.380 
.406 

Contracted. 
Do. 
Do. 
Do. 

1 

1.32 

.363 

20 
20 
86 

20 
20 
93 

13 
10 
5 

.67 
.73 
1.78- 

16 
10 
10 

.131 
.129 

.097 

Dunes 

Contracted. 
Do. 
Do. 

.734 

33 
86 
86 

33 
85 
8C 

9 

4 
3 

.60 
1.10 
1.12 

16 
16 
10 

.239 
.198 
.211 

Dunes                        "  ' 

Contracted. 
Do. 
Do. 

1.119 

50 
50 
172 
172 

46 
50 
163 
171 

0 
4 
3 

3 

.58 
.62 
1.13 
1.22 

10 
16 
l(i 
16 

.324 
.317 

Dunes 

Contracted. 
Do. 

1 

I 

: 1 
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Table  4  (F). — Obscrvalioits  on  load,  slope,  and  depth,  with  debris  having  2i.l  particles  to  the  gram,  or  grade  (F). 


Dis- 
charge. 

Load. 

Slope. 

Depth. 

Character  of  bed. 

Width. 

Feed. 

Collei- 

Period. 

Water 
surface. 

Bed. 

Dis- 
tance. 

By  gage. 

Br  pro- 
files. 

Outfall. 

Feet. 
0.66 

Fl.'Isec. 
0. 182 

Gmjsec. 
11 
11 

58 
58 

Gm.lsec. 
11 
12 
52 
53 

J^finutes. 
17 
23 
11 

Per  cent. 

Per  cent. 
1.29 
1.31 
2.51 
2.50 

Feet. 
16 
16 
16 
16 

Feel. 
0.118 
.129 
.102 
.106 

Feet. 

Do. 

Do. 

do 

Do. 

.363 

26 
26 
71 
71 

20 
26 
80 
71 

17 
12 
6 
10 

1.12 
1.13 
1.89 
1.90 

16 
16 
16 
16 

.207 
.204 
.176 
.170 

do 

Do. 

Do. 

Do. 

.734 

35 
35 
106 
106 

37 
38 
103 
108 

9 
6 
3 
3 

.97 
1.00 
1.68 
1.75 

16 
16 
16 
16 

.346 
.340 

[Dunes) 

Do. 

Do. 

do 

Do. 

1.00 

.182 

6.8 
41 
41 

6.8 
42 
44 

21 

7 
7 

1.36 
2.49 
2.53 

16 
16 
16 

.090 
.078 
.080 

Free.  (?) 

do 

Do. 

do 

Do. 

.363 

10 
10 
51 
51 
51 
120 

9.5 
10 
47 
51 
56 
120 

18 
20 
14 
10 
8 
3 

.85 
.91 
1.65 
1.70 
1.68 
2.47 

16 
16 
16 
16 
16 
16 

.160 
.161 
.128 
.130 
.140 

Free.  (?) 

do 

Do. 

Do. 

Do. 

Do. 

Do. 

.73-1 

26 
26 
104 
104 

25 
25 
98 
114 

14 

.77 
.77 
1..52 
1.60 

16 
16 
16 
16 

.268 
.265 
.217 
.211 

Contracted. 

do 

Do. 

5 



do 

Do. 

do 

Do. 



1.119 

52 
52 
207 
207 

53 
56 
197 
209 

5 
5 
3 
3 

.80 
.85 
1.65 
1.67 

16 
16 
16 
16 

.330 
.343 

Free.  (?) 

do 

Do. 

do 

Do. 

....do 

Do. 

1.32 

.363 

21 
21 
70 
70 

21 
21 
68 
72 

21 
9 
5 

1.16 
1.21 
2.05 
2.07 

16 
16 
16 
16 

.116 
.118 
.114 
.108 

Contracted. 

do 

Do. 

do 

Do. 

.734 

26 
26 
26 
104 
104 

26 
27 
27 
102 
106 

13 
12 
12 
3 
4 

.83 
.85 
.80 
1.48 
1.58 

lU 
16 
16 
16 
10 

.212 
.209 
.215 
.176 
.180 

Contracted. 

do 

Do. 

Do. 

Do. 

Do. 

1.119 

58 
58 
58 
212 
212 

50 
50 
59 
188 
208 

12 
9 
6 
2 

.74 
.78 
.84 
1.55 
1.60 

18 
16 
16 
16 
16 

.275 
.288 
.284 

Contracted. 

do 

Do. 

do 

Do. 

Do. 

Do. 

Table  4  (G). — Observations  on  load,  slope,  and  depth. 

with  debris  having  5.9  particles  to  the  gram,  or  grade  {G). 

\ 

Load. 

1 

Slope. 

Depth. 

1 

Width,  j  ,b^;.^e. 

Feed. 

Collec- 
tion. 

Period. 

Water 
surface. 

Bed. 

Dis- 
tance. 

By  gage. 

By  pro- 
files. 

Character  of  bed. 

Feet. 

Ft.'Isec. 
0.363 

Gm.lsec. 
10 
25 
25 
51 
50 
100 
100 

Gm.lsec. 
U 
25 
28 
47 
50 
100 
105 

Minutes. 
15 
12 

15 
6 
8 
3 
3 

Per  cent. 

Percent. 
l.U 
1.44 
1.48 
1.82 
1.90 
2.56 
2.70 

Feet.         Feet. 

Feet. 

Contracted. 

16 
16 
16 
16 
16 
16 

.186 
.192 
.175 
.175 
.160 
.158 

Do. 



Do. 

Do. 

Do. 

Do. 



Do. 

.734 

10 
10 
25 
50 
50 
105 
203 
210 

8.5 

11 

26 

48 

49 
104 
210 
219 

14 
23 
11 
7 
11 

3 
3 

.68 
.70 
.95 
1.19 
1.19 
1.71 
2.43 
2.35 

16 
16 

.373 
.364 

Contracted. 

Do. 



Do. 

Do. 

16 
16 
16 
14 

.324 
.292 
.261 
.264 

Do. 

Do. 

Do. 

Do. 

1.119 

10 
50 
50 
100 
100 
203 
203 
304 
304 

12 
49 
54 
94 
114 
212 
215 
311 
331 

18 
8 
6 
4 
4 
3 
3 
3 
3 

.62 
.98 
1.02 
1.35 
1.32 
1.97 
1.95 
2.40 
2.36 

16 
16 
16 
16 
16 
16 
16 
16 
16 

.558 
.460 
.451 
.414 
.411 
.374 
.378 
.354 

Contracted. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 
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Table  4  (,G). — Observations  on  load,  slope,  uiul  depth,  with  debris  haeing  S.9  particles  to  the  gram,  or  grade  (G) — Con. 


Dis- 
charge. 

Load. 

Slope. 

Depth. 

Character  of  bed. 

Width. 

Feed. 

CoIIeo- 
tion. 

Period. 

Water 
surface. 

Bed. 

Dis- 
tance. 

By  gage. 

By  pro- 
files. 

Outfall. 

Feet. 

Ft.^scc. 
0.363 

Qm.lsec. 
10 
20 
25 
25 
34 
51 
102 

Gm./sec. 
10 
21 
25 
28 
34 
50 
97 

■Minutes. 
20 
15 
12 
18 
12 
9 
5 

Per  cent. 

Per  cent. 
1.27 
1.48 
1.61 
1.62 
1.76 
2.09 
2.74 

Feet. 
16 
16 
16 
16 
16 
16 
16 

Feet. 
0  143 
.139 
.136 
.141 
.132 
.129 
.114 

Feel. 

Do. 

..do... 

Do. 

do 

Do. 

..  do...  . 

Do. 

Do. 

.734 

10 
20 
25 
25 
30 
101 
201 
201 

11 
20 
23 
26 
49 
100 
189 
212 

42 
15 
15 
11 

10 

4 
3 

.78 
.86 
.95 
.97 
1.27 
1.69 
2.30 
2.37 

16 
16 
16 
16 
16 
16 
16 
16 

.272 
.248 
.248 
.251 
.235 
.214 
.190 
.191 

[Smooth] 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

1.110 

10 
25 
25 
50 
50 
101 
102 
204 
306 
306 

10 
24 
25 
53 
54 
100 
103 
214 
297 
310 

20 
15 
17 
6 

4 
4 
3 
3 
3 

.64 
.66 
.67 
.97 
.90 
1.22 
1.31 
1.78 
2.04 
2.21 

16 
16 
16 
16 
16 
16 
16 
16 
14 
14 

..389 
.357 
.359 
.324 
.326 
.308 
.307 
.275 
.2.32 
.233 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

.363 

25 
25 
3! 
31 

98 
98 

24 
26 
49 
47 
95 
123 

12 
9 
10 
10 
3 
4 

1.90 
1.9- 
2.25 
2.34 
3.02 
3.10 

16 
16 
16 
16 
16 
16 

.115 

.104 
.108 
.105 
.093 
.097 

Do. 

Do. 

Do. 

Do. 

Do. 

.734 

10 
10 
23 
23 
51 
102 
203 

9 
12 
24 
27 
32 
102 
200 

21 
18 
13 
13 
6 
4 
3 

.82 
.,S2 
1.08 
1.14 
1.41 
1.82 
2.44 

16 
16 
16 
16 
16 
16 
16 

.210 
.210 
.194 
.200 
.193 
.171 
.163 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

1.119 

10 
51 
51 
98 
98 
197 
295 
304 

14 
46 
67 
93 

no 

200 
282 
302 

19 
4 
6 
3 
4 
3 
3 

.71 
.90 
1.07 
1.31 
1.40 
1.83 
2.17 
2.26 

16 
16 
16 
16 
16 
16 
16 
16 

.297 
.270 
.261 
.248 
.245 
.230 
.201 
.202 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

3 

Do. 

Table  4  (H). — Observations  on  load,  slope,  and  depth,  with  debris  having  2.0  particles  to  the  gram,  or  grade  (H). 


Dis- 
charge. 

Load . 

!                     Slope. 

Depth. 

Character  of  bed. 

Width. 

Feed. 

Collec- 
tion. 

Period. 

Water 
surface. 

Bed. 

Dis- 
tance. 

By  gage. 

^^.r- 

Outfall. 

Feet. 

Ft.^lsec. 
0.363 

Gm.lsec. 
10 
10 
21 
21 
52 
52 

Gm.lsec. 
9.2 
12 
17 
22 
51 
56 

Minults. 
21 
16 
18 
14 
5 

Per  cent. 

Per  cent. 
1.49 
1.38 
1.80 
1.84 
2.43 
2.47 

Feet. 
16 
16 
16 
16 
16 
16 

Feet. 
0.184 
.184 
.183 
.173 
.167 
.173 

Feet. 

Do. 

Do. 

Do. 

10 
10 
21 
21 
52 
52 
105 
209 
209 

7.9 

11 

20 

22 

51 

52 
105 
209 
222 

18 
17 
17 
15 
8 

.90 
.93 
1.10 
1.19 
1.50 
1.51 
2.02 
2.69 
2.92 

16 
16 
16 
16 
16 
16 
16 
16 
16 

.345 
.348 
.333 
.344 
.320 
.310 
.289 
.250 
.253 

Do. 



Do. 

Do. 

Do. 

8 
4 
3 
3 

Do. 

Do. 

Do. 

Do. 

1.119 

10 
10 
10 
26 
52 
52 
52 
105 
105 
105 
209 
209 

12 
10 
12 
26 
53 
54 
53 
98 
106 
113 
209 
209 

16 
20 
21 
15 
13 
10 
9 
3 
6 
3 
3 
3 

.74 
.81 
.89 
1.03 
1.26 
1.28 
1.33 
1.65 

16 
16 
16 
16 
16 
16 
16 
14 
16 
16 
16 
16 

.502 
.510 
.503 
.470 
.442 
.437 
.447 
.391 
.398 
.392 
.340 
.334 

1 

Do. 

1 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

1.63 
1.62 

Do. 

Do. 

1           2.31 

2.38 

Do. 

Do. 
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Table  4  (I), — Special  group  of  observalions  on  load,  slope,  and  depth,  uith  di-bris  of  grade  (C);  for  discussion  of/orrn  ratio. 


Dis- 
charge. 

Load. 

Slope. 

Depth. 

Character  of  bed. 

Width. 

Feed. 

Collec- 
tion. 

Period. 

Water         „    , 
surface.  1     '^*<'- 

Dis- 
tance. 

By  sage.     By  pro- 

Outfall. 

Feel. 
LOO 

Ft.'Isec. 
0.734 

Gm.jsec. 
74 
76 
160 

Gm.jsec. 
84 
45 
194 

Minutes. 
4 
4 
3 

Per  cent. 

Percent. 
0.58 
.58 
.99 

Feet. 
16 
14 
16 

Feet. 
0.232 
.241 
.194 

Feet. 

do 

Do. 

Do. 

.923 

96 

94 
254 

103 
103 
280 

3 
3 

2 

.58 
.62 
1.09 

16 
16 
16 

.270 
.282 
.233 



do 

Do. 

Do. 

1.119 

111 
114 

118 
129 

3 
3 

.57 
.66 

14 
14 

.312 
.305 

Do. 

.734 

66 
67 
193 
199 

74 
74 
218 
223 

3 
3 
3 

.51 
.60 
1.05 
1.07 

16 
10 
10 
16 

.222 
.215 
.173 

.175 

Do. 

Do. 



Do. 

.923 

99 
249 
246 

104 

266 
274 

3 
3 
3 

.65 
1.06 
1.01 

14 

10 
16 

.232 
.210 
.201 

do 

Do. 

L  .  .do... 

Do. 

1.021 

105 
110 
304 

107 
109 
325 

3 

4 
3 

.57 

.54 
1.20 

16 
16 
16 

.250 
.262 
.197 

Do. 

Do. 

1.119 

108 
HI 
322 
339 

114 
123 
292 
326 

.62 
.61 
1.00 
1.03 

12 
16 
16 
14 

.269 
.269 
.224 
.231 

.277 

4 
3 
3 

Do. 

Do. 

Do. 

.734 

76 
76 
220 
216 

74 
75 
215 
226 

4 
4 
3 
3 

.63 
.59 
1.04 
1.07 

10 
14 
16 
16 

.199 
.196 
.158 
.151 

.      .do 

Do. 

Do. 

do 

Do. 



.923 

72 
82 
271 
283 

79 
74 
279 
297 

4 
4 
3 
3 

.51 
.57 
1.03 
1.04 

Ifi 
10 
l(i 
14 

.235 
.237 
.176 
.175 

Do. 

Do. 

Do. 

1.021 

82 
292 
289 

97 
319 
323 

4  • 

3 

.58 
1.03 
1.08 

16 
14 
16 

.248 
.181 
.180 

Do. 

3 

Do. 

1.119 

105 
123 
292 
284 
292 

104 
130 
325 
337 
312 

4 
4 

.57 
.61 
.97 
1.01 
1.07 

16 
16 
14 
14 
16 

.254 
.231 
.213 
.215 
.203 

Do. 

3 
3 
3 

Do. 

Do. 

Do. 

.734 

69 
265 
269 

70 
236 
268 

4 
3 
3 

.60 
1.14 
1.12 

12 

16 
16 

.191 
.121 
.122 

Do. 

do 

.923 

67 
69 
67 
298 
289 

82 
69 
66 
299 
280 

4 
5 
4 
3 
3 

.45 

.46 
.50 
1.05 
1.07 

12 

12 
12 
16 
16 

.233 
.202 
.224 
.161 
.161 

Dunes 

do  

Do. 

[Dunes] 

Do. 

Do. 

do 

Do. 

1.021 

67 
63 
66 
310 

80 
311 

4 
4 
4 
3 

.39 

.47 
.51 
1.06 

12 
12 
12 
16 

.243 
.244 
.232 
.169 

Do. 

Do. 

Do. 

1   119 

82 
96 
85 
336 

83 
91 
98 
332 

4 

.49 
.47 
.55 
.99 

16 
12 
12 
12 

.227 
.234 
.233 

.188 

4 
4 
3 

(Transition] 

Do. 

Do. 

Do. 

.734 

69 
70 
211 
205 

69 
72 
204 
203 

4 
4 
3 
3 

.61 
.60 
1.04 
1.06 

16 
16 
16 
16 

.174 
.174 
.137 
.130 

Dunes 

do 

Do. 

Smooth 

do 

Do. 

Do. 

.923 

70 
67 
260 
260 

75 
74 
258 
273 

4 
4 
3 
3 

.53 

.58 
1.04 
1.04 

14 
14 
16 
16 

.206 
.204 
.157 
.152 

Dunes 

do 

Do. 

[Smooth] 

Smooth 

Do. 

Do. 

1.021 

70 
69 
70 
292 
296 

69 
76 
76 
323 
308 

4 
4 
4 
3 
3 

.51 

.52 
.57 
1.00 
1.01 

16 
14 
16 
14 
16 

.224 
.227 
.225 
.155 
.158 

Do. 

Do. 

Do. 

do     . . .      . 

Do. 

1.119 

64 
75 
386 
363 

66 
74 
375 
3S5 

4 
4 
3 
3 

.42 
.47 
1.05 
1.05 

14 
14 
16 
12 

.240 

.243 
.160 
.167 

do 

Do. 

Smooth 

do 

Do. 

Do. 
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Table  4  (I). — Speciul  group  of  observations  on  load,  slope,  and  depth,  with  debris  of  grade  {f') — Continued. 


Dis- 
charge. 

Load. 

Slope. 

Depth. 

Character  of  bed. 

Width. 

Feed. 

Collec- 
tion. 

Period. 

Water 
surface. 

Bed. 

Dis- 
tance. 

By  gage. 

By  pro- 
files. 

otitfall. 

Feet. 

Fl.'Isec. 
0.734 

Gm.fsec. 
S3 
84 
234 
222 
234 

Om.lsec. 
83 
88 
236 
231 
250 

Minutes. 
4 
4 
3 
3 
3 

Per  cent. 

Per  cent. 
0.61 
.69 
1.05 

Feet. 
16 
16 
16 
16 
16 

Feet. 
0.147 
.146 
.117 
.123 
.122 

Feet. 

Do. 

1.09 

do 

1.12 

Do. 

.923 

96 
246 

97 
279 

3 
3 

.62 
1.02 

16 
16 

.176 
.143 

Do. 

1.021 

84 
85 
94 
32S 
316 

85 
87 
104 
343 
352 

4 
4 
3 
3 
3 

.50 
.57 
.54 
1.09 
1.09 

16 
14 
16 
16 
16 

.194 
.200 
.193 
.141 
.144 

Do. 

Do. 

Do. 

Do 

1.119 

82 
85 
82 
345 
323 

82 
84 
94 
341 
363 

4 
4 
4 
3 
3 

.45 
.57 
.52 
1.00 

12 
16 
16 
16 
16 

.214 
.222 
.219 
.150 
.147 

Do. 

do 

Do 

Do. 

1.00 

Do 

Table  4  (J). — Observations  on  load,  slope,  and  depth,  vith  debris  of  two  or  more  grades  mixed. 


Designation  of  mLxture,  component  grades, 
and  percentages  hy  weight. 

Width  of 
trough. 

Dis- 
charge. 

Load. 

Slope  of  bed. 

Depth  by 

gage. 

Character  of 
bed. 

Feed. 

Collec- 
tion. 

Period. 

Per  cent. 

Dis- 
tance. 

Feet. 
1.00 

Ft.'Isec. 
0.363 

Gm.lsec. 
42 
90 
128 
171 

Om.lsec. 
43 
91 
140 
169 

Mi-nutts. 
8 
4 
4 
3 

0.58 
.92 
1.23 
1.47 

Feet. 
16 
16 
16 
16 

Feel. 

Do. 

Do. 

1.00 

.363 

20 
90 
80 
175 
175 

18 
74 
89 
164 
176 

12 
5 
4 
3 
3 

.51 
.93 
.95 
1.38 
1.36 

16 
16 
16 
16 
16 

Do. 

Do. 



1.00 

.363 

20 
42 
42 
87 
110 

20 
42 
42 
88 
119 

12 
6 
6 
3 
3 

.53 
.62 

.64 
1.00 
1.18 

16 
16 
16 
16 
16 

Do. 

Do 

Do 

1.00 

.363 

22 

46 
91 

22 

43 
93 

8 
6 
4 

.68 
1.01 
1.42 

16 
16 
16 

Do. 

1.00 

.3(a 

42 

40 

6 

1.36 

16 

(AiG()-(A)22  :  (G)78 

1.00 

.363 

22 

43 

21 
42 

20 

7 

1.30 
1.79 

16 
16 

1.00 

.363 

42 
84 
113 
113 
169 

43 

92 
105 
125 
159 

6 
3 
3 
3 
2 

.59 
.86 
.99 
1.05 
1.38 

16 
16 
16 
16 
16 

Do. 

Do. 

Do. 

1.00 

.363 

39 
78 
105 
157 

42 

80 
109 
1.57 

7 
5 
4 
2 

.57 
.85 
1.11 
1.49 

16 
16 
16 
16 

Do. 

Do. 

Do. 

(BiFi)-(B)47  :  (F)53..    . 

1.00 

.363 

45 
90 
120 
181 

49 
95 
130 
162 

4 
3 
2 

.73 
1.14 
1.41 
1.61 

16 
ID 
16 
16 

Do. 

Do. 

(Birj)-(B)31  :  (F)69 

1.00 

.363 

28 

41 

.    81 

35 
40 
82 

11 
6 

4 

.86 
1.06 
1.56 

16 
16 
16 

Do. 

Do. 

(BiFi)-CB)18  :  (F)82 

1.00 

.363 

16 
27 
40 

17 
29 
43 

15 
10 

6 

.82 
1.16 
1.46 

16 
14 
16 

Do. 

Do. 

(C4Ei)-(C)79  :  (E)21 

1.00 

.363 

43 

85 

lis 

171 

49 
84 
118 
171 

8 
4 
3 
2 

.70 
.93 
1.15 
1.52 

16 
16 
16 
16 

Do. 

Do. 

Do. 
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Designation  of  mixture,  component  grades, 
and  percentages  by  weight. 

Width  of 
trough. 

Dis- 
charge. 

Load. 

Slope  of  bed. 

Depth  by 
gage. 

Character  of 
bed. 

Feed. 

Collec- 
tion. 

Period. 

P"««°t-      t^%. 

Feel. 
1.00 

Ft.^lsec. 
0.182 

Gm.lsec. 
78 
104 

Gm.lsec. 
81 
105 

Minutes. 
3 
4 

1.77 
2.06 

Feet. 
16 
16 

Feet. 

Smooth. 
Do. 

.363 

43 
85 
114 
155 
171 
155 
171 

42 
85 
117 
170 
169 
170 
173 

7 
4 
3 
3 
3 
4 
3 

.69 
1.03 
1.27 
1.57 
1.65 
1.60 
1.74 

16 
16 
16 
16 
16 
16 
16 

Do 

Do 

Do 

1.00 

.182 

26 
40 
40 
53 
51 
53 
51 
81 
77 
81 

28 
40 
41 
50 
60 
52 
61 
67 
78 
87 

12 
10 
10 
6 

.99 
1.17 
1.27 
1.43 
1.50 
1.51 
1.55 
1.82 
1.95 
1.89 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

0.0% 
.090 
.091 
.081 

Do. 
Do. 
Smooth. 
Do 

6 

.082 

Do. 
Do 

4 

Do 

5 

.363 

39 
39 
78 
104 
104 
104 

40 

41 
78 
93 
115 
119 

6 
7 
5 
3 
3 
3 
3 

.74 
.76 
1.07 
1.37 
1.40 
1.43 
1.85 

16 
16 
16 
16 
16 
16 
16 

.1.50 
.151 

Transition. 
Do. 

Do 

1.00 

.182 

26 
39 
52 

78 

26 
39 
57 
76 

10 
8 
6 
3 

1.10 
1.37 
1.64 
2.22 

16 
16 
16 
16 

.093 
.088 
.082 

Do. 
Smooth. 

.363 

39 
39 

78 
108 
157 

39 
39 
81 
112 
158 

8 
9 
3 
3 
3 

.77 
.84 
1.25 
1.54 
2.10 

16 
16 
16 
16 
16 

Dunes 

Do 

Do 

1.00 

.182 

20 
26 
39 
39 
52 
52 

20 
28 
40 
42 
51 
54 

14 
10 
6 
6 
6 
12 

1.02 
1.29 
1.61 
1.65 
1.88 
1.93 

16 
16 
16 
16 
16 
16 

.085 
.079 
.084 
.078 
.082 

Do. 
Do. 
Do. 
Transition. 
Do. 

.363 

40 
53 

78 
109 

40 
56 
76 
109 

8 
7 
4 
3 

1.00 
1.14 
1.45 
1.75 

16 
16 
16 
16 

Dunes 

Do 

Do 

l.no 

.363 

31 
93 
HO 

1.S7 

187 

32 
92 
140 
194 
195 

11 
5 
4 
3 
3 

.62 
1.07 
1.30 
1.48 
1.62 

16 
16 
16 
16 
16 

Do. 

Do. 

1.00 

.363 

31 
31 
31 
61 
9-2 
92 
122 
183 

29 
29 
31 
66 
90 
95 
120 
180 

.59 

.63 
.62 
.90 
1.03 
l.OS 
1.20 
1.65 

16 
16 
16 
16 
16 
16 
16 
16 

12 

10 

4 
5 
3 
2 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

(CiGi)— (C)50  :  (G)50.  . 

1.00 

.363 

17 
50 
100 
133 
133 

18  1             l.'i 

.71 
.99 
1.34 

1.62 
1.66 

16 
16 
16 
16 
16 

50 
105 
128 
145 

10 
3 
3 
3 

Do. 

Do. 

Do. 

Do. 

(CiG2)-(C)33  :  (0)67 

1.00 

.363 

16 
32 
32 
64 

15 
34 
36 
69 

16 
10 

10 

7 

.95 
1.17 
1.27 
1.59 

16 
16 
16 
16 

Do. 

1.00 

.363 

15 
31 

61 

17 
31 

58 

15 
10 
8 

.72 
1.00 
1.39 

16 
16 
16 

1.00 

.363 

16 
32 
63 

15 
3D 
59 

18 
11 
6 

.76 
1.03 
1.45 

16 
16 
16 

Do. 

1.00 

.363 

16  1             18 
31  !             34 

18 
10 

8 

.87 
1.12 

i.rn 

16 
16 

16 

Do. 
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Table  4  (J). — Observations  on  load,  slope,  and  depth,  with  di'hris  of  two  or  more  grades  mixed — Continued. 


Table  4  (K). — Observations  on  load,  slope,  and  depth,  with  unassorted  debris.  " 


Width  of 
trough. 

Dis- 
charge. 

Load.                             Slope  of  bed. 

Designation  of  mixture,  component  grades, 
and  percentages  by  weight. 

Feed. 

"""on^"    1   Period.     Percent. 

Dis- 
tance. 

gage.  '            bed. 

1 

Feet. 
1.00 

Ft.'Isec. 
0.363 

Gm./sec. 
16 
23 

30 
30 
4.3 
45 

Gm.lsec. 
15 
23 
29 
32 
49 
54 

Minutes. 
14 
12 
12 
11 

0.95 
1.18 

Fed. 
16 
16 
16 

Feet. 

Transition. 

Smooth. 

1.33                 16 
1.73                 16 

1.74 

16 

Do 

1.00 

.363 

16 
16 
16 
32 

126 
126 

13 
17 
14 
33 
88 
131 
151 

15 
10 
15 
10 
6 
4 
4 

^79 
.S2 
,S8 
1.32 
1.59 
1.67 

16 
16 
16 
16 
16 
16 
16 

Do. 

Do. 

Do 





Do. 

(CDEFG)=(C)45  :  (D)35  :  (E)12  :  (FJG  :  (0)2. 

1.00 

.182 

21 

42 

84 

25 
45 

S4 

12 
10 

..82 
1.23 
1.72 

14 
16 
16 

.363 

67 
67 
84 
84 
84 
113 
113 
169 
169 

69 
69 
80 
S3 
S3 
120 

lis 

172 
173 

8 
6 
5 
5 
5 
5 
5 
4 
4 

.81 
.So 
.91 
.93 
.95 
1.18 
1.19 
1..53 
1.54 

16 
16 
16 
16 
16 
16 
16 
16 
16 

Do 

Do. 

Do. 

Do. 

,         .545 

84 
84 
169 
169 
253 
253 

90 
92 

151 
177 
22S 
242 

6 
5 
3 
3 
3 
3 

.65 
.67 
1.07 
1.13 
1.40 
1.37 

16 
16 
16 
16 
16 
16 

Do. 

Do. 

Do. 

Do. 

Dis- 
charge. 

Load. 

Slope  of  bed. 

Depth 
by  gage. 

Character  of  bed. 

Width. 

Feed. 

Collec- 
tion. 

Period. 

Percent. 

Distance. 

Outfall. 

Feet. 

«.3/SfC. 

0.182 

Gm.lsec. 
19 
19 
38 
75 
145 

Gm.lsec. 
18 
18 
38 
76 
147 

Minutes. 
15 

15 
8 
3 

0.74 
.79 
1.00 
1.55 
2.28 

Feel. 
16 
16 
16 
16 
16 

Feel. 

do 

Do. 

Do. 

do 

Do. 

.do 

Do 

.363 

22 
22 

38 
38 
77 
1.14 

20 
27 
34 
42 
74 
150 

10 
12 
6 
6 
6 
3 

.43 
.50 
.59 
.67 
.89 
1.31 

16 
16 
16 
16 
16 
16 

0.169 
.176 
.157 
.158 

do 

Do. 

Do. 

....do 

Do. 

do 

Do. 

do 

Do. 

a  The  very  coarsest  particles  were  removed  by  passing  the  sample  through  a  6-mesh  sieve,  and  the  very  finest  by  passing  it  over  a  60-mesh  sieve. 
It  retained  the  equivalents  of  gi-ades  (A),  (B),  (C),  (D),  (E),  and  (F). 


CHAPTER  II.— ADJUSTMENT  OF  OBSERYATIOXS. 


OBSERVATIONS   OX   CAPACITY   AND   SLOPE. 

THE    OBSERVATIONAL    SERIES. 

Each  of  the  experiments  in  stream  traction 
involved  six  quantities — (1)  a  fineness,  or 
grade  of  debris,  (2)  a  width  of  trough,  (3)  a 
discharge,  (4)  a  slope,  (5)  a  load,  or  capacity, 
and  (G)  a  depth  of  current.  The  experiments 
were  arranged  in  series,  for  each  of  which  grade, 
width,  and  discharge  were  constant,  wlaile 
within  each  the  magnitudes  of  slope,  capacity, 
and  depth  were  varied.  There  will  be  frequent 
occasion  to  mention  these  secondary  units  of 


the  experimental  work,  and  whenever  the  title 
series  seems  not  sufficiently  specific  they  will  be 
called  ohseivational  series.  The  number  of 
such  series  recorded  in  Table  4  is  153. 

The  factors  of  grade,  width,  and  discharge, 
wluch  are  related  to  an  individual  series  as 
fixed  conditions,  or  constants,  do  in  fact  assume 
the  character  of  variables  when  series  is  com- 
pared with  series;  but  their  modes  of  determi- 
nation and  combination  are  not  of  such  char- 
acter that  theii-  numerical  values  can  be 
checked  and  adjusted  by  means  of  recorded 
relations. 


Figure  13. — PlotofasinKles 


s  of  observat  ions  on  capacity  and  slope.    Capacit.v  iii  grams  of  debris  perseeond. 
traction  are  indicated. 


Slope  in  percent.    The  modes  of 


In  each  experiment  the  values  of  slope,  load, 
and  depth  are  mutually  dependent ;  within  each 
series  they  form  a  triple  progression,  the  dejith 
decreasing  wliile  slope  and  load  increase; 
but  the  laws  of  these  mterdependent  varia- 
tions are  partly  masked  by  irregularities  in  the 
sequences.  As  a  preUminary  to  the  general 
discussion,  the  observational  values  were  sub- 
jected to  a  process  of  adjustment,  whereby  the 
sequences  were  freed  from  irregularities.  The 
irregularities  are  made  manifest  by  the  com- 
parison of  the  sequences  of  two  variables,  and 
firet  consideration  will  be  given  to  those  of 
capacity  and  slope. 

Figure  13  exhibits  the  relations  of  capacity 
to  slope  as  observed  in  a  single  series  of  experi- 


ments (that  for  grade  (C),  with  w=1.32  feet 
and  ^  =  0.363  ft.Vsec).  The  ordinates  indicate 
capacity,  as  measured  by  d6bris  delivered 
at  the  lower  end  of  the  trough;  the  abscissas 
represent  slope,  as  measured  on  the  bed  of 
the  chamiel.  The  arrangement  of  the  observa- 
tional dots  suggests  that  if  the  observations 
were  harmonious  the  dots  would  fall  in  a 
line  of  sunple  curvature.  Such  a  fine  would 
express  the  law  comiectmg  capacity  and  slope. 
The  departures  of  the  dots  from  such  hnear 
arrangement  represent  irregularities,  or  errors, 
in  the  experimental  data.  The  adjustment 
proposed  is  the  replacement  of  the  miperfectly 
alined  dots  by  a  genertJized  or  representative 
line,  or  the  replacement  of  the  inharmonious 

55 


56 


TRANSPORTATION    OF    DEBRIS    BY    RUNNING    WATER. 


values  of  capacitj"  and  slope  by  a  system  of 
harmonious  or  adjusted  values. 


As  a  first  step  in  the  treatment  of  the  errors 
of  the  data  they  were  studied  with  a  view  to 
the  discrimmation  of  the  systematic  and  the 
accidental. 

The  three  modes  of  traction — the  dune,  the 
smooth,  the  antidune — although  intergrading, 
are  mechanically  different.  It  was  surmised 
that  they  might  differ  in  efficiency,  so  that  the 
capacity-slope   curve   might   show    a   step    in 
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Figure  14. — Logarithmic  plot  of  a  series  of  observations  on  capacity 
and  slope.    Compare  figure  13. 

passmg  from  one  to  another;  and  it  was  also 
surmised  that  the  law  connectuig  capacity 
with  slope  might  not  be  the  same  for  the 
several  modes.  A  suggestive  observation  had 
shown  that  on  very  low  slopes — slopes  so  low 
that  capacity  is  minute — the  current  changes 
an  artificially  smoothed  bed  of  debris  to  a 
system  of  dunes,  and  that  with  the  develop- 
ment of  dunes  the  load  is  notably  increased 
without  any  change  in  general  slope.  To  test 
the  surmises  all  the  series  were  plotted  on  log- 
aritlmiic  section  paper.  Figure  14  shows  a 
logarithmic  plot  of  the  same  data  which  appear 
in  figure  13;  and  it  wiU  be  observed  that  the 
line  suggested  by  the  points  has  much  less 


curvature  in  the  logarithmic  plot.  Its  ap- 
proxunation  to  a  straight  line  makes  the  study 
of  its  local  peculiarities  comparatively  easy. 
The  exammation  of  the  plots,  while  not  dis- 
proving the  surmises,  showed  that  whatever 
diverse  influences  may  be  exerted  by  the  modes 
of  traction,  they  are  too  small  to  be  discrim- 
inated from  the  irregularities  due  to  other 
causes. 

Other  sources  of  systematic  error  are  con- 
nected with  the  methods  of  experimentation. 

INTAKE    INFLUENCES. 

As  the  water  entered  the  experiment  trough 
from  the  stifling  tank  it  was  accelerated,  the 
gain  in  mean  velocity  being  associated  with  a 
quick  descent  in  the  surface  profile.  Beyond 
this  descent  the  profile  usually  rose  somewhat, 
and  there  was  commonly  a  moderate  develop- 
ment of  fixed  waves.  This  development  was 
modified  and  the  waves  were  on  the  whole 
reduced  by  the  addition  of  the  debris.  As  it 
feU  into  the  water  the  debris  had  no  forward 
momentum,  and  it  therefore  tended  to  retard 
the  current.  But  the  debris  also  accumu- 
lated on  the  bottom,  reducmg  the  depth  of  the 
water  at  that  point,  and  this  reduction  neces- 
sitated an  increase  in  mean  velocity.  In  the 
immediate  neighborhood  of  the  place  where 
debris  was  fed  the  slope  of  the  water  was 
affected  by  an  abnormality  distinguishable 
from  the  intake  abnormality  proper,  and  the 
joint  abnormality  faded  gradually  downstream. 
The  nature  of  these  features  varied  with  the 
discharge  and  load,  with  the  gradual  develop- 
ment of  the  adjusted  slope,  and  also  with  the 
mode  of  feeding.  Durmg  the  greater  part  of 
the  experimental  work  the  feedmg  was  either 
automatic  and  continuous  or  else  manipulated 
by  hand  in  such  way  as  to  make  it  nearly  con- 
tinuous, but  for  a  minor  part  the  feeding  was 
intermittent,  a  measureful  of  debris  being 
dumped  into  the  water  at  regular  intervals. 

OUTFALL    INFLUENCES. 

In  aU  the  earlier  work  the  trough  had  the 
same  cross  section  at  the  lower  end  as  else- 
where, and  the  water  fefl  freely  from  its  open 
end  to  the  settling  tank.  As  the  resistance  to 
its  forward  motion  was  less  at  the  outfaU  than 
withm  the  trough,  the  water  flowed  faster 
there.  Its  faster  flow  diminished  the  resist- 
ance just  above,    and    thus    the  influence  of 
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outfall  conditions  extended  indefinitely  up- 
stream. An  expression  of  this  influence  was 
found  in  the  water  profile,  which  was  usually 
convex  in  the  lower  part  of  the  trough,  the 
degree  of  convexity  dunuiishmg  upstream. 
Its  effect  on  the  profile  of  the  bed  is  not  readily 
analyzed,  because  that  profile  is  adjusted 
through  the  velocity  of  water  at  the  bottom  of 
the  current,  and  the  bed  velocity  is  not  simply 
related  either  to  mean  velocity  or  to  depth. 


Figure  15. — Diagrammatic  longitudinal  section  of  outfall  end  of  experi- 
ment trough,  illustrating  influence  of  sand  arrester  on  water  slope. 

A  second  factor  at  the  outfall  end  was  the 
arrangement  for  separating  the  debris  from  the 
current.  This  included  a  well,  ABCD,  figure 
15,  which  was  sunk  below  the  trough  bed  and 
into  which  the  debris  sank,  while  the  current 
passed  on  to  the  outfall  at  E.  In  part  of  the 
work  the  space  AD  was  entirely  open;  in 
another  part  a  coarse  screen  was  stretched 
across  it.  In  either  case  the  resistance  of  this 
part    of    the    channel   bed    difl'ered    from    the 


resistance  along  the  debris  slope  and  may  have 
been  greater  or  less.  From  the  weU  to  the 
outfall,  DE,  the  frictional  resistance  was  less 
than  elsewhere.  As  the  fixed  part  of  the 
channel  bed,  DE,  was  horizontal  and  the 
tlel^ris  portion,  GA,  was  inclined,  the  profile 
of  the  bed  changed  at  A.  Projected  forward, 
the  slope  6A  passed  below  E  to  H,  and  when 
the  debris  slope,  dowia  which  the  transportmg 
current  flowed,  was  steep,  the  part  DE  was 
related  to  it  somewhat  as  a  dam.  The  tend- 
ency of  the  quasi-dam  was  to  retard  the  cur- 
rent near  the  outfall  and  make  the  water 
profile  concave,  and  in  some  of  the  experiments 
the  profile  actually  became  concave.  Other 
outfall  factors  were  recognized,  but  they  are 
not  here  mentioned  because  they  are  believed 
to  be  of  relatively  small  importance. 

In  the  reduction  of  observations  on  slope  an 
attempt  was  made  to  lessen  the  effect  of  intake 
and  outfall  influences  by  omitting  from  the 
calculations  the  profile  data  obtained  near  the 
ends  of  the  trough.  The  data  from  a  con- 
siderable number  of  experiments  were  fuially 
discarded  altogether  and  do  not  appear  m  the 
tables.  To  replace  the  discarded  data  experi- 
ments were  afterwartl  made  with  a  modified 
apparatus. 


Figure  10. — Diagrammatic  longitudinal  section  of  ddbris  bed  and  stream,  in  a  long  trough. 


CHANGES  IN  APPARATUS. 

As  the  termuial  influences  of  all  kuiils 
diminish  with  distance  from  the  trough  ends,  a 
manifest  mode  of  avoidance  is  to  employ  a 
very  long  experimental  trough  and  determine 
slopes  from  observations  in  the  medial  portion 
exclusively.  A  trough  length  of  1.50  feet  was 
tried  and  proved  moderately  successful  for 
very  low  slopes.  For  steeper  slopes  there  were 
practical  difficulties — the  need  either  of  a 
trough  with  adjustable  slope  or  of  a  very  deep 
trough  and  a  correspondingly  large  stock  of 
assorted  debris — and  these  led  to  the  consid- 
eration of  other  plans.  The  one  adopted  was 
to  contract  the  channel  at  the  outfall  and  thus 
increase  the  resistance  to  flow  at  that  point, 
and  with  the  contracted  outfall  to  use  a  trough 
of  moderate  length.  The  theory  of  this  plan 
may  be  illustrated  by  a  diagram.  In  figure 
16,  AB  represents  in  profile  the  bed  of  a  long 


trough,  CB  the  profile  of  debris,  and  DB'  the 
water  profile.  In  the  tract  EF  the  water  and 
debris  profiles  are  nearly  parallel  and  depth  and 
velocities  are  therefore  practically  uniform. 
From  F  to  B'  the  water  profile  is  notably  con- 
vex because  the  resistance  to  flow  afforded  by 
the  water  itself  steadily  dmiinishes  toward  B'. 


Figure    IT.— Diagrammatic  longitudinal    section   of  outfall  end   of 
trough,  illustrating  influence  of  contractor. 

The  plan  undertook  to  introduce  at  F,  by  con- 
traction, a  resistance  equivalent  to  that 
afforded  by  the  water  beyond  F  and  then  dis- 
pense with  the  portion  of  the  trough  between 
F  and  B.  In  the  longitudinal  section,  figure 
17,  ADB  is  the  bed  of  the  trough,  with  the  well 
for  catching  debris,  as  ah'eady  sho-wm  in  figure 
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15;  EGB  is  the  profile  of  one  side  wall.  The 
walls  converge  from  F  to  G  (see  fig.  3),  pro- 
ducing the  contraction  at  the  outfaU.  It  was 
found  that  the  bed  of  debris,  mstead  of  run- 
ning to  a  feather  edge  at  D  (compare  fig.  16), 
held  its  tliickness  to  C  and  ended  in  a  steep 
incline. 

The  device  of  contraction  accomplished  its 
purpose  of  avoiding  terminal  difficulties,  but  it 
was  found  to  aggravate  certain  other  difficul- 
ties, next  to  be  described. 


Whenever  the  profile  of  a  current  was  deter- 
mined by  a  series  of  measurements  applied  to 
the  water  surface,  that  surface  was  found  to  be 
in  a  state  of  unrest.  Its  position  in  any  ver- 
tical fluctuated  upward  and  downward  rhyth- 
mically. The  amplitude  of  oscillation,  which 
might  be  great   or  small,  was  not   constant: 


that  is,  the  rhythm  was  not  simple,  but  com- 
pound. It  consisted  apparently  of  many 
rhythmic  elements  differing  one  from  another 
in  period  and  amplitude. 

The  rhj'thmic  quality,  thus  easily  appre- 
ciated by  watching  the  play  of  the  surface  in 
relation  to  a  fixed  point,  permeated  every 
function  of  the  current^ — the  slope  of  its  profile, 
both  local  and  general,  the  slope  of  its  bed,  the 
quantity  of  debris  transported,  the  mode  of  its 
transportation.  The  rhythm  of  the  dune  has 
already  been  described,  but  associated  with  the 
dunes  were  greater  debris  waves,  also  traveling 
downstream  and  each  involving  the  volume  of 
many  dunes.  In  the  bed  of  the  long  trough  a 
series  of  them  could  be  seen;  in  the  shorter 
trough  one  or  two  might  be  made  out,  or  the 
effect  might  be  only  an  alternate  temporary 
steepening  and  flattening  of  the  general  slope. 
The  rhythm  of  the  antidune  was  accompanied 
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FiGUBE  18. — Profiles  of  channel  bed,  Illustrating  traetional  rhj-thms  associated  with  dimes  of  greater  magnitude.  Scales:  Each  horizontal 
space  =20  feet;  each  vertical  space  =0.4  foot.  For  Nos.  1  to  5  the  average  slope  is  0,2  per  cent,  and  the  average  load  (of  grade  (C))  per  foot 
of  channel  width  is  7  gm./sec.    For  Nos.  6  to  9  the  average  slope  is  O.G  per  cent  and  the  average  load  37  gm./sec. 


by  rhythmic  paroxysms  and  doubtless  by 
other  rhythms  which  escaped  recognition 
because  the  steep  slopes  with  which  the  anti- 
dune  was  associated  were  not  studied  in  the 
long  trough.  Figure  18  shows  a  few  chaimel- 
bed  profiles  in  which  rhythmic  features  appeal 
to  the  eye,  but  the  gi-eater  number  of  such  pro- 
files merely  show  an  irregularity  in  which 
periodicity  is  not  conspicuous.  It  is  probable 
that  the  currents  were  affected  by  numerous 
coexistent  rhythms,  which  served  to  confuse 
one  another  and  thus  masked  periodicity  except 
when  some  one  rhythm  was  stronger  than  the 
rest. 

The  condition  of  relatively  smooth  channel 
bed  which  intervened  between  the  conditions 
characterized  severally  by  dunes  and  anti- 
dunes  was  also  a  condition  of  relative  uni- 
formity in  all  the  activities  of  the  current,  and 
when  it  prevailed  the  rhythmic  variations  were 
at  a  muiimum. 


The  rhythms  of  the  transporting  stream 
manifestly  constitute  a  group  of  phenomena 
worthy  of  systematic  study,  but  the  Berkeley 
laboratory,  havmg  a  definite  and  difi'erent 
theme,  treated  them  only  as  difficulties  inter- 
fering with  its  work.  It  sought  the  capacity 
for  load  mhering  in  the  average  of  all  the 
diverse  slopes  presented  by  the  rhythms,  and 
it  necessarily  treated  the  deviations  of  slope 
measurements  from  that  average  as  accidental 
errors. 

The  rhytlims  affected  the  determmations  of 
loads  as  well  as  slopes.  The  variations  of 
profile  were  effected  by  erosion  and  deposi- 
tion, and  a  current  which  was  eroding  or 
depositing  carried  more  load  at  one  point 
than  at  another.  As  the  loads  were  largely 
determined  by  weighing  the  debris  delivered 
at  the  trough  end  in  a  lunited  time,  the  amount 
obtained  would  depend  in  part  on  the  phase  of 
slope  variation  near  the  pouit  of  delivery. 
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la  the  earlier  experiments  with  contraction 
at  outfall — as  in  other  experiments — it  was 
necessary  to  continue  a  run,  with  uniform 
discharge  and  uniform  feed  of  debris,  until 
the  slope  of  the  sand  bed  had  been  automat- 
ically adjusted  to  the  conditions.  The  criteria 
adopted  for  recognition  of  a  state  of  adjust- 
ment were  two — that  the  water  slope  equal 
the  bed  slope  and  that  the  rate  of  delivery 
cf  del)ris  equal  the  rate  of  feed.  It  was  found 
impracticable  to  satisfy  these  tests,  because 
both  slopes  and  the  rate  of  deKvery  fluctuated 
tlu-ough  a  wide  range,  and  an  approxunate 
adjustment,  if  attamed,  could  not  be  made  to 
contmue.  The  state  of  affau-s  may  be  likened 
to  the  wavmg  of  a  flag  m  the  wind;  at  the 
outer  margin  the  amplitude  of  the  imdulation 
is  much  greater  than  close  to  the  staff.  In 
the  long  trough  the  outfall  end  corresponded 
to  the  staff,  giving  a  fixed  position  and  ele- 
ment of  uniformity  to  which  the  profiles  con- 
formed, and  the  rhythmic  departures  were 
greater  -with  distance  from  the  outfall.  The 
shorter  trough  when  combuied  with  end  con- 
traction represented  a  segment  of  the  long 
trough  at  a  distance  from  the  outfall  and  was 
correspondingly  subject  to  great  fluctuations. 
Despite  these  difficulties,  the  nature  of  which 
was  not  well  imderstood  at  the  time,  a  large 
number  of  experiments  were  made  m  tliis  way. 

The  work  with  free  outfall  was  affected 
chiefly  by  termmal  influences,  and  as  these 
produced  systematic  errors  there  was  danger 
of  false  conclusions.  The  work  with  con- 
tracted outfall  was  affected  by  accidental 
errors  of  such  magnitude  as  largely  to  mask 
the  nature  of  the  laws  sought.  Between 
these  perils  of  Scylla  and  Charybdis  a  mitldle 
course  was  finally  steered  by  using  a  moder- 
ate amount  of  contraction,  whereby  the  recog- 
nized systematic  errors  were  practically  avoided 
without  the  introduction  of  insuperable  rhyth- 
mic irregularities. 

SLOPES    OF    DEBRIS    AXD    WATER    SURFACE. 

The  slope  of  the  bed  of  debris  to  which 
measurement  was  applied  had  been  estab- 
lished by  the  stream  as  that  appropriate  to 
the  stream's  load  of  debris.  It  was  caused 
by  the  load,  m  conjunction  with  the  discharge 
and  other  conditions,  and  it  accurately  sufficed 
to  give  the  stream  capacity  for  that  load. 
This  was  my  point  of  view  in  arranging  the 


experimental  methods,  and  accordingly  one  of 
the  principal  measurements  undertaken  was 
that  of  the  debris  profile.  But  the  slope  more 
generally  considered  in  hydrauhc  studies  is  that 
of  the  water  surface.  Head,  the  hydraulician's 
ordinaiy  measure  for  the  determination  of 
power,  is  the  vertical  interval  between  two 
points  of  the  water  surface,  and  slope  is  the 
loss  of  head  in  a  unit  of  distance.  Under 
conditions  of  uniform  flow  the  two  profiles 
are  parallel,  but  for  various  reasons  our  ex- 
perimental cm-rents  ordmarily  lacked  so  much 
of  uniformity  that  the  two  slopes  were  appre- 
ciably diif(>rent.  I  do  not  find  it  easy  to 
deciile  which  slope  should  be  regarded  as  the 
true  correlative  of  capacity  for  traction,  but 
as  aU  our  laboratorj-  data  include  the  debris 
slojje,  while  the  determinations  of  water  slope 
were  relatively  infrequent,  the  discussion  of 
results  has  adhered  almost  exclusively  to  the 
former.  If  the  water  slope  is  the  true  cor- 
relative, then  the  use  of  the  debris  slope 
involves  a  systematic  error. 

THE    LOGARITHMIC    PLOTS. 

When  the  data  of  an  observational  series 
are  plotted  on  ordinary  section  paper,  as  in 
figure  13,  and  a  representative  line  is  drawn 
through  or  among  them,  that  line  is  the  graphic 
equivalent  of 

C=f(S) (2) 

When  they  are  plotted  on  logarithmic  section 
paper,  as  in  figm-e  14,  and  a  representative 
line  is  drawn,  that  line  is  the  graphic  equiva- 
lent of 


iogf'=/'i  aogs). 


(3) 


The  second  eciuatioii,  or  line,  is  the  logarith- 
mic form  of  the  fii-st. 

As  ah'eady  mentioned,  a  logarithmic  ])lot 
was  made  of  each  observational  series.  The 
plot  included  primarih'  the  slopes  of  the  de- 
bris bed  and  the  determinations  of  load  from 
the  delivery  of  debris  at  the  end  of  the  trough, 
but  it  included  also,  with  distinctive  nota- 
tion, such  determinations  as  were  available 
of  water-sm-face  slopes  and  of  load  baseil  on 
the  rate  of  feed  at  the  head  of  the  trough. 
The  notation  also  classified  observations  with 
reference  to  the  three  modes  of  traction  and 
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lUstinguished  experiments  matle  with  use  of 
the  contractor  from  those  with  free  outfaU. 

A  critical  study  of  these  plots  led  to  several 
conclusions.  (1)  Judged  by  the  internal  evi- 
dence of  regularity  and  irregularity,  the  ob- 
servations of  debris  slope  and  water  slope 
have  about  the  same  quality.  (2)  Similarly, 
the  observations  of  load  fed  and  load  deliv- 
ered have  about  the  same  quality.  (3)  As 
already  stated,  the  law  of  sequence  is  not 
discovered  to  change  in  passing  from  one 
process  of  traction  to  another;  the  assump- 
tion of  a  continuous  law  is  the  best  practic- 
able. (4)  Except  for  very  low  slopes,  the 
results  obtained  with  the  use  of  the  con- 
tractor do  not  differ  widely  from  those  with- 
out it.  (5)  There  are  differences  between 
bodies  of  experimental  data  obtained  at  dif- 
ferent stages  of  the  work — differences  of  un- 
certain source  but  presumably  connected  with 
modes  of  manipulation — which  make  it  desir- 
able to  treat  such  bodies  separately  whenever 
practicable.  (6)  The  best  representative  line 
is  not  straight  but  curved,  and  its  curvature  is 
always  in  one  direction. 

If  the  representative  line  were  straight,  fimc- 
tion  (3)  would  have  the  form 


log  C'=  log  A  +  n  log  S. 


-(4) 


in  which  ^  is  a  constant  capacity  and  n  a  ratio ; 
and  function  (2)  would  have  the  form 

C  =  AS« (5) 

On  some  of  the  plots  the  observational  i)oints 
are  too  irregular  to  afford  trustworthy  evidence 
of  curvature.  On  mt)st  of  them  the  mdicated 
curvature  is  slight.  From  mspection  of  the 
data  during  the  progress  of  the  experiments  it 
was  thought  that  the  true  representative  line 
would  prove  to  be  straight,  m  which  case  the 
accurate  determination  of  two  points  on  the 
line  would  suffice;  and  some  of  the  experimental 
work  was  adjusted  to  that  theory.  The  series 
giving  data  for  but  two  points  on  the  logarith- 
mic plot  of  course  furnished  no  evidence  as  to 
curvature  of  the  representative  line. 

For  aU  those  cases  in  which  the  position  of 
the  best  representative  luie  could  be  inferred, 
with  close  approximation,  from  the  arrange- 
ment of  the  observational  points,  a  satisfactory 
adjustment  could  be  made  by  simply  drawing 


the  Ime  and  then  converting  its  series  of  posi- 
tions into  figures;  but  this  procedure  would 
afford  no  control  for  the  curvature  of  repre- 
sentative lines  in  cases  where  the  observa- 
tional pomts  were  few  or  inharmonious.  In 
order  to  make  the  stronger  series  support  the 
weaker,  the  plan  was  adopted  of  (1 )  comiecting 
the  lines  with  a  formula  of  interpolation,  (2) 
correlating  the  constants  of  the  formula  with 
conditions  of  experimentation,  and  thus  (3) 
giving  deductive  control  to  the  Imes  of  the 
weaker  series. 

SELECTION   OF  AN    INTERPOLATION    FORMULA. 

The  best  interpolation  formula  is  one  which 
embodies  the  true  theory  of  the  relation  to 
which  the  observations  pertam.  In  the  present 
case  the  true  theory  is  not  known,  but  there 
are  certain  conditions  which  a  theory  must 
satisfy,  and  these  may  be  used  as  criteria  in 
the  selection  of  a  form  for  empiric  formulas 
of  mterpolation.  Subject  to  these  criteria, 
the  form  selected  should  serve  to  minimize  the 
discrepancies  between  observed  and  adjusted 
values. 

For  the  study  of  the  chaiacter  of  the  curve 
to  represent  best  the  logarithmic  plot  of  ob- 
servations, the  data  for  debris  of  grade  (G) 
were  selected.  The  experiments  furnishing 
those  data  were  all  performed  by  one  method, 
the  method  using  moderate  contraction  of  the 
trough  at  outfall;  and  for  that  grade  the  ap- 
parent curvature  of  the  logarithmic  graph  is 
gi'eater  than  for  most  others.  The  data  were 
first  ])lotted  (on  logarithmic  paper)  in  groups, 
each  group  contaming  the  data  for  tlu-ee  graphs 
which  pertain  to  the  same  width  of  channel 
but  to  different  discharges.  It  was  assumed 
that  the  tliree  graphs,  if  correctly  drawn,  would 
constitute  a  system,  the  one  for  the  medium 
discharge  being  intermediate  in  form  and  posi- 
tion between  the  other  two;  and  in  drawing 
them  on  tins  assumption  the  forms  were  mu- 
tually adjusted.  Then  a  rearrangement  was 
made  which  grouped  together  data  agreeing  as 
to  chscharge  but  differing  as  to  width  of  chan- 
nel, and  further  adjustment  was  made.  Selec- 
tion was  fuially  made  of  the  graph  for  w  =  0.66 
foot  and  Q  =  0.734  ft.Vsec,  and  this  was  drawn, 
through  the  selected  positions,  by  the  aid  of  a 
flexible  ruler.  Thus  the  curve  in  figure  19  is 
a    graphic    generahzation    not    only    from    its 
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particular  series  of  observations  but  from 
several  related  series.  It  was  assumed  to  be  a 
typical  or  representative  curve  for  the  func- 
tion log  <^=/i(log  S);  and  the  corresponding 
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Slope 


;  graph  of  C=f(,S),  for  (nude  (G),  «■=.  0.(>6  foot, 
Q- 0.734  ft.s/see. 


plot  on  ordinary  section  paper  (the  Hne  BD  in 
fig.  20)  was  assumed  to  represent  tyj^ically 
the  function  C=f(S).  The  coordinates  of  the 
line  BD  are  given  in  Table  5. 

Table  5.. —  Values  of  capacity  for  traction,  graphically  gen- 
eralized from  data  of  Table  4  (G),  for  w=0.G6  foot  and 
Q=0.7.34ft-'lsec.;  corresponding  to  the  curve  of  log  C= 
/,  (log  S)  in  figure  19,  a-nd  the  curve  BD  in  figure  20. 


Slope. 

Capacity. 

Slope. 

Capacity. 

Per  cent. 
0.8 
1.0 
1.2 
1.4 
1.6 

Gm.lsec. 
16.3 
31.2 
49.9 
72.0 
97.0 

Per  cent. 
1.8 
2.0 
2.2 
2.4 

Gm./sec. 
124 
153 
lAi 
220 

A  number  of  tentative  formulas  were  now 
compared  with  tliis  empiric  line,  their  param- 
eters being  computed  so  that  they  would  fit,  as 
nearly  as  practicable,  the  values  of  C  in  Table 
5.  Certain  functions,  including  the  simpler 
functions  of  the  circular  arc  and  the  exponen- 
tial function  C=en(s+a)^  could  not  be  fitted, 
even  approximately,  to  the  data;  but  the  fol- 


lowiiig    functions    yielded    curves    closely    re- 
sembhng  that  of  figure  20: 

C=bS  +  cS'  +  dS' (6) 

C=hS  +  cS' (7) 

C=a  +  lS  +  cS' (8) 

C=-X  +  hS'' (9) 

C=h{S-aY (10) 

C=hS"S" (11) 

Functions  (6),  (7),  and  (8)  are  special  cases 
of  the  general  formula  of  interpolation  with 
integral  exponents : 


x  =  o  +  o,y  +  (uy- 


Cn!/" 


.(12) 


No.  (11)  is  a  somewhat  involved  power 
function  suggested  by  results  of  a  preliminary 
discussion  of  the  laboratory  data.  Nos.  (9) 
and  (10)  are  special  cases  of  the  general  para- 
boHc  function 

(x  +  0)"  =  6(-y  +  fl.,)m ---(13) 

and  have  the  virtue  of  facihtating  the  gi"aphic 
treatment  of  the  material.  Their  logarithmic 
equivalents  are,  respectively, 

log(r+;)=log  b  +  n  log  S (14) 

log  r=log  h  +  n  log  (S-a) (1.5) 

and,  as  each  of  these  is  the  equation  of  a 
straight  line,  the  graphic  derivation  of  the 
exponent,  by  means  of  logarithmic  section 
paper,  becomes  a  simple  matter  after  the 
value  of  ^  or  CT  has  been  determined. 

The  adjustment  of  equations  (6)  to  (11)  to 
the  specific  data  in  Table  5  gives  them  the 
following  forms,  (6a)  being  derived  from 
(6),  etc.: 

r=-29.5<S  + 67.595^-7. 194^' (6a) 

C=- 12.865" -(-44.0852 (7a) 

C=  - 19.25  -I- 16.945  +  34.485= (8a) 

(7=_10.0-|-41.25''» (9a) 

(7=70..5(5-0.39)i'« (10a) 

2.68 

r=31.2^°""'    (11a) 

Wlien  the  curves  corresponding  to  these 
equations  are  plotted  for  the  region  covered 
by  the  empiric  line  BD,  they  coincide  very 
closely  with  that  line.     The  gi-eatest  departure 
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is  in  the  curve  for  (7a),  but  its  divergence  is  not 
sufficient  to  tlu-ow  it  out  of  apparent  harmony 
with  the  series  of  points  representing  the 
original  observations. 

In  order  to  exliibit  further  the  properties  of 
the  formulas,  their  curves  were  extrapolated  in 


both  directions  from  the  locus  BD.  Table  6 
contains  the  numerical  data  used  in  plotting 
the  extensions.  Figure  20  gives  the  exten- 
sions of  the  curves  for  slojjes  greater  than 
those  of  the  experiments,  and  figure  21  the 
extensions  for  smaller  slopes. 


Table  6. — Numerical  data  compiled  for  the  construction  of  curves  in  figures  20  and  21. 


(6a) 

(7a) 

{8a) 

(9a) 

(10a) 

(lla) 

^ 

Values  o{  C  corresponding  to— 

Gm.lsec. 
0 

Gm.lscc. 
0 

-.845 
-.810 
.108 
1.908 
4.59 
8.15 
12.6 
17.9 

358 

654 
1,039 
1,510 
2.070 
2,718 

Gm.lsec. 
-19.25 

Gm.lsec. 
-10.0 

-  9.57 

-  8.30 

-  6.20 

-  3.28 

.45 
4.98 
10.33 
16.48 

353 

631 

990 

1,422 

Gm.lsec. 
Imaginary, 

...do 

...do 

...do 

.039 
1.93 
5.54 
10.46 
16.49 

337 

571 

849 
1.172 
1.531 
1,923 
2,355 
2,818 

Gm./.vfc. 
0 

.0014 

.073 

-11.07 

-  6.97 

-  1.96 
3.33 
9.50 

16.36 

332 

589 

920 
1.315 
1.741 
2.313 
2,916 

.490 

1.59 

3.64 

6.81 

11.14 

16.3 

327 
504 
645 
705 
645 
409 
-31 

16.67 

323 

616 

676 

84. 

998 

2,519 

1.140 

1.276 

3,926 

1.400 

1 

Per  cent. 

f          0 

.45 
I            8.94 
6.04 
.22 
3.33 

Fer  cent. 
0 
.29 

Per  cent. 
-1.03 

.54 

Per  cent. 
-0.49 

Per  cent. 
0.39 

Per  cent. 
0 

4.37 
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Figure  20. — Extrapolated  curves  of  C=f(S)  for  tentative  equations  of  interpolation,  and  for  slopes  greater  than  2.4  per  cent. 


The  approximate  range  of  this  series  of 
experiments  is  from  a  slope  of  0.8  per  cent  to 
one  of  2.4  per  cent.  The  extrapolated  curves 
pertain  to  slopes  from  2.4  to  10  per  cent  and 
from  0.8  to  0  per  cent.  The  prompt  divergence 
of  the  lines  as  they  leave  the  locus  to  which 
they  were  adjusted  shows  that  they  have 
widely  different  values  for  purposes  of  extra- 
polation, and  therefore  presumably  for  pur- 
poses of  interpolation. 


Attention  being  given  fu'st  to  the  curves  for 
liighcr  slopes  (fig.  20),  it  will  be  observed  that 
four  of  them  ascend  with  progressively  increas- 
ing rate.  The  curve  of  formula  (11a)  ascends 
continuously,  but  its  rate  of  ascent  changes 
at  the  slope  of  4. .37  per  cent  from  an  increasing 
rate  to  a  decreasing  rate.  The  curve  of  formula 
(6a)  exchanges  its  increasing  rate  of  ascent  for 
a  decreasing  rate  at  the  slope  of  3.33  per  cent, 
attains  a  maximum  at  a  slope  of  about  6  per 
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cent,    and    crosses    the   line    of   zero    capacity 
before  rcacliing  the  slope  of  9  per  cent. 

The  general  characteristics  of  stream  traction 
do  not  achiiit  of  a  maximum  in  the  relation 
of  capacity  to  slope.  Capacity  for  traction  is 
clearly  an  increasing  function  of  the  stream's 
velocity,  and  the  velocity  is  clearly  an  increas- 
ing function  of  the  slope.  There  is  reason  also 
to  beheve  that  capacity  increases  at  an  in- 
creasing rate  up  to  the  slope  corresponding  to 
infmite  capacity.  There  are  three  forces  con- 
cerned in  traction — first,  the  force  of  the  cur- 
rent, of  which  the  direction  is  parallel  to  the 
slope;  second,  a  component  of  gravity,  when 
gravity  is  resolved  in  directions  parallel  and 


normal  to  the  slope;  tliird,  the  resistance  of 
the  bed,  wliich  is  a  function  not  only  of  the 
others,  but  inversely  of  the  slope.  Witliin  the 
range  of  experimental  slopes  the  component  of 
gTa\-ity  is  neghgible  in  comparison  with  the 
force  of  the  current,  and  the  influence  of  slope 
on  the  resistance  is  relatively  unimportant; 
but  as  the  angle  of  stability  for  loose  material 
is  approached  the  resistance  diminishes  rapidlv, 
and  at  the  slope  of  instabihty  (65  to  70  per 
cent  for  river  sand)  gravity  is  competent  to 
transport  without  the  aid  of  current,  and  the 
stream's  capacity  is  infinite.  All  these  factors 
depend  on  slope,  and  as  the  increment  to 
capacity  verges  on  infuiity  in  approaching  the 
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Figure  21. — Extrapolated  curves  of  C=f{S)  for  tentative  equations  of  interpolation  and  (or  slopes  less  than  0.8  per  cent. 


slope  which  limits  variation,  it  is  highly  prob- 
able that  capacity  grows  continuously  ^\■itll 
slope. 

This  criterion  suffices  for  the  rejection  not 
only  of  the  specific  formulas  (6a)  and  (11a), 
but  also  of  their  types,  (6)  and  (11).  In  for- 
mula (6a)  the  occurrence  of  the  maximum 
value  of  C  is  determined  by  the  negative  coeffi- 
cient of  S^;  and  it  is  true  as  a  general  fact  that 
ecjuations  of  the  class  indicated  by  (12)  yield 
maxima  whenever  the  coefficient  of  the  highest 
power  of  the  independent  variable  is  negative. 
It  is  possible,  or  perhaps  probable,  that  if  each 
series  of  laboratory  values  were  to  be  formu- 
lated under  (7)  or  (8)  the  conditions  for  maxima 
would  be  found  to  occur.     On  the  whole,  the 


extrapolations  for  higher  slopes  tend  to  restrict 
choice  to  forms  (9)  and  (10),  with  some  reser- 
vation as  to  forms  (7)  and  (S). 

Figure  21  gives  extrapolated  curves  for 
slopes  less  than  0.8  per  cent  and  represents  the 
same  equations  as  figure  20,  except  that  the 
curve  for  (6a)  is  omitted.  It  will  be  observed 
that  it  magnifies  greatly  the  space  between  0 
and  B  in  figure  20,  the  scale  of  slopes  being  10 
times  and  the  scale  of  capacities  100  times  as 
large.  The  impUcations  of  the  functions  for 
low  slopes  are  specially  important  because 
extrapolation  from  laboratory  conditions  to 
those  of  natural  streams  will  nearly  always 
involve  the  passage  from  higher  to  lower 
slopes. 
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Curves  (7a)  and  (11a)  reach  the  origin  of 
coordinates — that  is,  their  equations  indicate 
that  at  the  zero  of  sh)pe  there  is  no  capacity 
for  traction.  Formula  (11a)  gives  small  but 
finite  capacities  for  very  low  slopes;  but  under 
formula  (7a)  finite  capacities  cease  when  the 
slope  falls  to  0.29  per  cent,  and  for  lower  slopes 
there  is  indication  of  negative  capacities.  If 
the  conditions  of  traction  permitted,  negative 
capacity  might  be  interpreted  as  capacity  for 
traction  upstream;  but  as  this  is  inadmissible, 
the  negative  values  may  be  classed  as  surd 
results  arising  from  the  imperfection  of  the 
correlation  between  an  abstract  formula  and  a 
concrete  problem.  The  curves  of  (8a)  and  (9a) 
also  intersect  the  a.xis  of  slope  at  some  distance 
from  the  origin,  and  their  extensions  indicate 
negative  capacity.  The  curve  of  (10a)  becomes 
tangent  to  the  axis  of  slope  at  the  point  corre- 
sponding to  a  slope  of  0.39  per  cent  and  there 
ends,  having  no  contmuation  below  the  axis. 
It  is  the  real  limb  of  a  parabola  of  which  all 
other  parts  are  imaginary.  It  expresses  to  the 
eye  the  implication  of  formula  (10a)  that  trac- 
tion ceases  when  the  slope  is  reduced  to  0.39 
per  cent,  and  that  its  cessation  is  not  abrupt 
but  gradual;  and  also  the  implication  of  the 
general  formula  (10)  that  traction  ceases  when 
the  slope  is  reduced  to  the  value  a. 

It  is  a  matter  of  observation  that  when  slope 
is  gradualh'  reduced,  the  current  becoming 
feebler  and  the  capacity  gradually  less,  the 
zero  of  capacity  is  reached  before  the  zero  of 
slope.  For  each  group  of  conditions  (fineness, 
width,  discharge)  there  is  a  particular  slope 
corresponding  to  the  zero  of  capacity.  It  is 
also  a  matter  of  obsei'vation  that  the  change 
m  capacity  near  the  zero  is  gradual.  Formulas 
(7a),  (8a),  (9a),  and  (10a)  therefore  accord 
with  the  data  of  observation  in  the  fact  that 
they  connect  the  zero  of  capacity  wath  a  finite 
slope;  formula  (11a),  which  connects  zero 
capacity  with  zero  slope,  is  discordant.  Also, 
formulas  (10a)  and  (11a)  accord  with  the  data 
of  observation  in  that  they  make  the  approach 
of  capacity  to  its  zero  gradual;  while  formulas 
(7a),  (8a),  and  (9a),  which  make  the  arrival  of 
capacity  at  its  zero  abrupt,  are  in  that  respect 
discordant. 

But  one  of  the  formulas  (10a),  shows  quali- 
tative agreement  with  both  of  the  criteria 
applied  through  extrapolation  to  low  slopes; 
and  that  formula  is  one   of  the   two  which 


respond  best  to  the  criterion  appJied  through 
extrapolation  to  high  slopes.  That  type  of 
formula,  or 

C=h,  {S-aY (10) 

was  therefore  selected  for  the  reduction  of  the 
more  or  less  irregular  series  of  observational 
values  of  capacity  to  orderly  series  better 
suited  for  comparative  study. 

In  rewriting  the  formula  the  coefficient  is 
changed  from  &  to  6j,  because  corresponding 
coefficients  6,,  h^,  etc.,  are  to  be  used  in  a  series 
of  formvdas  expressing  the  relations  of  capacitj' 
to  various  conditions.  As  slope  is  a  ratio 
between  lengths,  {S  —  a)"  is  of  zero  dimensions 
and  6i  is  of  the  unit  C;  it  is  the  value  of  capacity 
when  S  —  a=  1. 

The  slope  which  is  barely  sufficient  to 
initiate  traction  has  been  defined  (p.  35)  as 
the  competent  slope.  To  whatever  extent  a 
represents  the  competent  slope  the  formula 
has  a  rational  basis.  The  local  potential 
energy  of  a  stream,  or  the  energy  available  at 
any  cross  section  in  a  unit  of  time,  is  simply 
proportional  to  the  product  of  discharge  by 
slope  or,  if  the  discharge  be  constant,  is  pro- 
portional to  the  slope.  So  long  as  the  slope 
is  less  than  that  of  competence  the  energy  is 
expended  on  resistances  at  contact  with  wetted 
peruneter  and  air  and  on  internal  work 
occasioned  by  thpse  resistances.  When  the 
slope  exceeds  the  competent  slope,  part  of  the 
energy  is  used  as  before  and  part  is  vised  in 
traction.  The  change  from  competent  slope 
to  a  steeper  slope  increases  the  available 
energy  by  an  amount  proportional  to  the 
increase  of  slope,  and  the  increase  of  energy  is 
associated  with  the  added  work  of  traction. 
Capacity  for  traction,  beginning  at  competent 
slope,  increases  pari  passu  vAxh  the  increase 
of  the  excess  of  slope  above  the  competent 
slope,  and  there  is  manifest  propriety  in  treat- 
ing it  as  a  function  of  the  excess  of  slope 
rather  than  of  the  total  slope.  It  is  of  course 
also  a  function  of  the  total  slope;  but  an 
adequate  formida  for  its  relation  to  the  excess 
of  slope  may  reasonably  bo  supposed  to  be 
simpler  than  a  formula  for  its  relation  to  total 
slope.  If  a  represents  competent  slope,  then 
the  relation  of  capacity  to  S—a  should  be 
simpler  than  its  relation  to  S. 

Instructive  information  as  to  the  relative 
simplicity  of  the  two  functions  is  obtamed  by 
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comparing  their  logarithmic  graphs.  lu  figure 
22  the  curved  Ime  AB  has  beeu  copied  from  the 
curve  in  figure  19.  It  is  the  graph  of  log  C= 
/Qog/S)  for  grade  (G),  width  0.66  foot,  ami  dis- 
charge 0.734  ft.^sec.  If  for  S  we  substitute 
S  — 0.3,  we  modify  the  graph  by  movuig  each 
point  of  it  to  the  left  by  au  amount  equal  to 
logiS  — log  ((8  —  0.3);  and  we  produce  the  lino 
CD,  which  is  the  graph  of  log  C=/n(log 
(S  — 0.3)).  If  in  similar  mamier  we  derive 
the  graph  of  log  C=/m(log  (S-0.6)),  the  re- 
sult is  the  line  EF.  CD  cur\'es  hx  the  same 
direction  as  AB  but  less  strongly;  EF  curves 
hx  the  opposite  direction.     It  is  evident  that 


the  three  curves  belong  to  a  continuous  series, 
and  that  somewhere  between  CD  and  EF  a 
member  of  the  series  is  straight  or  approxi- 
mately straight.  That  straight  line,  GH,  is 
the  graph  of  log  C=/„aog  (<S-0.39));  but  as 
it  is  straight,  its  equation  may  be  written 

log  C=log6,  +  n,log  (5-0.39), 

in  which  log&j  is  the  ordinate  of  the  inter- 
section of  the  Ime  -with  the  axis  of  log  C,  and  n 
is  the  trigonometric  tangent  measuring  the 
inclination  of  the  \h\e  to  the  axis  of  log  S. 
This  is  identical  Avith  equation  (15)  except 
that  0.39  appears  in  place  of  a;  and  in  fact 
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FiGCEE  22.— The  relation  of »  in  C=!{,S- 

the  value  of  a  in  equation  (10a)  was  computed 
graphically  by  means  of  the  logarithmic  plot. 

The  line  AB,  being  the  graph  of  log  C= 
/,Gog  S),  is  also  the  logarithmic  graph  of 
C=f{S).  The  line  GH,  being  the  graph  of 
log  C=/iTGog  (5'  — <t))  is  also  the  logarithmic 
graph  of  C=fy{S  —  a).  Their  relation  in  re- 
spect to  simpUcity  is  that  of  the  curve  to  the 
straight  Une. 

In  view  of  these  suggestions  of  harmony  it  is 
pecuharly  pertinent  to  inquire  whether  a  is 
actually  representative  of  competent  slope; 
and  it  wiU  be  convenient  to  make  that  inquuy 
in  coimectiou  with  the  determination  of  values 

20921°— No.  SC>— 14 5 


Slope 
ff)  to  the  cun-ature  of  the  logarithmic  graph. 

of  a  for  the  several  series  of  observations  on 
capacity  and  slope. 

THE  CONSTANT  a  AND  COMPETENT  SLOPE. 

In  the  experimental  data  for  graded  debris — 
Table  4,  (A)  to  (H) —  are  117  series  of  values 
of  capacity  and  slope.  After  these  had  been 
plotted  and  inspected  in  a  comparative  way, 
it  was  decided  to  restrict  the  main  discussions 
to  92  series  only,  the  discarded  series  being  all 
short  as  well  as  somewhat  discrepant  among 
themselves.  Of  the  92  series  retained,  only 
30  aff'ord  information  as  to  the  correspond- 
ing values  of  a;  that  is,  only  30  of  the  loga- 
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rithmic  plots  exhibit  ourvature  so  definitely 
that  the  approximate  magnitudes  of  the  con- 
stants necessary  to  eliminate  it  can  be  inferred. 
In  some  of  the  remaining  series  the  observa- 
tions are  not  so  distributed  as  to  bring  out  the 
curvature.  For  others  the  observational  posi- 
tions on  the  plots  are  too  widely  dispersed  to 
give  good  indication  of  the  character  of  the 
best  representative  Ime. 


On  the  30  logarithmic  plots  the  curves  ap- 
proxunately  representing  the  obsei'vations  were 
dra^vn,  and  the  values  of  a  necessary  to  replace 
the  curves  by  straight  lines  were  computetl 
graphically  in  the  mamier  just  indicated. 
These  values  are  given,  to  the  nearest  tenth  of 
1  per  cent  of  slope,  in  Table  7,  where  they  are 
arranged  with  reference  to  the  conditions  of 
the  experiments. 


Table  7. —  Vahies  of  a  In  C—b^tS—a'i   ,  estimated /roni  logarithviic  plots  of  observations. 


Grade 

F 

Range 
olF 

W 
(feet). 

Values  of »  for  discharge  (ft.'/sec.)  of— 

0.093        0.182 

0.363 

0.545 

0.734 

0.923 

1.021        1.119 

(A) 
(B) 

(C) 

(D) 
(E) 
(F) 
(G) 
(H) 

25,200 
13,400 

5,460 

1,460 
142 
22.1 
5.9 
2.0 

1.77 
2.35 

2.85 

3.58 
12.65 
2.15 
2.92 
2.51 

0.66 
1.00 
1.32 
1.96 

.23 
.44 
.66 
l.OO 
1.32 
1.96 

.44 
.66 
1.00 
1.32 
1.96 

.66 
1.00 
1.32 

.66 
1.00 
1.32 

.66 
1.00 
1.32 

.66 
1.00 
1.32 

.66 

.'. '..'         0. 2 

0.1 

- 

- 

0.7 

.4 
.0 

— 



.1 

—     '""6.1' 



.4         — 

.2 

.1 
.3 

.1 
.1 
.3 

.0 

.6 

0.1 

.1 

.1 

............. 

- 

— 

.0 

.0 

= 

4 

0.3 
.3 

.4 

1 

1 

1 

1 

Note. — The  horizontal  dashes  indicate  series  of  observations  to  which  values  of  ^  are  to  be  assigned. 


The  same  table  shows  the  distribution  of  the 
experinaental  series  which  fail  to  give  values  of 
a  but  to  which  it  is  proposed  to  assign  values. 
In  order  to  assign  these  values  properly  it  is 
necessary  to  know  the  laws  of  variation  of  a 
with  reference  to  the  conditions  of  experimen- 
tation. These  are  suggested  in  part  by  the 
roughly  determined  values  of  the  table  and 
are  othenvise  indicated  by  general  considera- 
tions. The  variations  are  comiected  with  at 
least  tlu-ee  conditions — discharge,  width,  and 
fineness — and  are  less  surely  connected  with 
range  of  fineness. 

Considering  first  the  variation  of  a  with  dis- 
charge ard  giving  attention  in  the  table  to 
A'alues  of  a  falling  in  the  same  horizontal  line, 
we  fuid  by  inspection  that  invariably  the  value 


for  a  larger  discharge  is  either  less  than  or 
equal  to  the  value  for  the  corresponding  smaller 
discharge.  The  indication  is  that  ct  is  a  de- 
creasing fimction  of  discharge.  This  relation 
might  have  been  inferred  from  general  con- 
siderations, on  the  theory  that  a  represents 
competent  slope.  Competent  slope  is  the  slope 
giving  competent  velocity  along  the  bed,  but 
bed  velocity  also  varies  directly  with  discharge. 
With  large  discharge  less  slope  is  necessary  to 
induce  competent  velocity;  with  small  dis- 
charge more  slope.  In  other  words,  compe- 
tent slope  varies  inversely  with  discharge.  In 
a  preliminary  discussion  of  the  traction  data 
for  debris  of  grades  (B)  and  (C)  it  was  fomid 
that  capacity  is  more  sensitive  to  changes  m 
slope  than  to  changes  in  discharge.     The  rela- 
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tion  of  capacity  to  slope  and  discharge  jointly 
being  tentatively  represented  by 


C  a  S^  Q" 


(16) 


the  values  of  n  and  m  were  computed  for  many 
different  conditions,  and  it  was  foimd  that  on 

the  average  —  =  0.34.     There  is,  however,  con- 

"    n 

siderablo  variation  in  the  ratio,  and  it  is  rela- 
tively large  when  C  is  small.  On  plotting  the 
values  of  the  ratio  in  relation  to  6' and  graphic- 
ally extrapolating,  it  was  foimd  that  when 
C=0  the  ratio  is  about  0.5.  The  condition  of 
zero  capacity  is  that  of  competent  bed  velocity 
and  competent  slope. 

For  any  particular  value  of  C  in   (16)  the 
product  of  S"  by  Q^  is  constant,  or 


whence 


S^oi}.- 


Soc-^ 


But,  as  we  have  just  seen,  when  Chas  the  par- 
ticular value  C'=0,  —  =  0.5.  Therefore  compe- 
tent slope  varies  inversely  as  Q"-^.  Its  assumed 
representative,  a,  is  assumed  to  vaiy  inversely 
with  the  square  root  of  discharge.* 

Turiimg  now  to  the  relation  of  a  to  ^\^dth, 
w,  and  cxamiiung  Table  7,  we  see  that  a  is  not 
exclusively  either  an  increasing  or  a  decreas- 
ing function  of  w.  Where  the  smallest  widths 
are  concerned,  as  wdth  Q  =  0.093  ft.Vsec.  and 
Q  =  0.182  ft.Vsec,  for  grades  (B)  and  (C),  the 
fimction  is  decreasing.  Where  the  greater 
widths  are  concerned  it  is  for  the  most  part  in- 
creasing. There  is  a  rational  explanation  for 
such  double  relationship  m  the  case  of  compe- 
tent slope. 

Figure  23  represents  two  troughs  in  cross 
section.  Each  has  a  bed  of  debris,  and  they 
are  assumed  to  be  carrying  the  same  total 
discharge.  In  the  wider  there  is  less  discharge 
for  each  unit  of  width,  and  the  tendency  of  the 
smaller  discharge  is  to  reduce  velocity.  There- 
fore to  mamtain  a  particular  velocity — namely, 

1  The  preliminary  discussion  on  wUch  is  based  i  oc  ^j^  (jjd  not  jjave 
the  advantage  of  the  formula  using  <r.  A  rediscussion,  to  be  found  in 
Chapter  V,  yields  tr  cc  g^j^:  but  it  was  not  practicable  to  give  the  adjust- 
ment the  benefit  of  this  later  \vork  without  repeating  the  greater  part 
of  the  computations  of  the  paper.  It  is  not  believed  that  the  advantage 
to  the  results  would  be  commensurate  with  the  labor  involved. 


the  competent  velocity — the  tendency  is  to 
produce  a  relatively  steep  slope.  So  far  as 
this  factor  is  concerned,  competent  slope  is 
relatively  steep  for  a  wider  trough.  But  there 
is  another  factor;  the  velocity  is  influenced  by 
the  resistance  of  the  sides  of  the  trough.  Tliis 
resistance  is  greater  where  the  water  is  deeper, 
because  the  surface  of  contact  is  broader;  and 
the  water  is  deeper  in  the  narrower  trough. 
The  tendency  of  the  resistance  is  to  reduce 
velocities  and  therefore  to  make  the  slope  for 
competent  velocity  steeper  in  the  narrower 
trough. 


FiGUEE  23.— Diagrammatic  sections  of  laboratory  troughs,  illustrating 
relation  of  current  depth  to  trou<rh  width. 

In  very  wide  troughs  the  influence  of  the 
sides  is  of  minor  miportance,  the  influence  of 
discharge  per  unit  width  dominates,  and  the 
competent  slope  varies  directly  with  the  mdth. 
In  very  narrow  troughs  the  influence  of  the 
sides  dominates,  and  the  competent  slope 
varies  inversely  with  the  width.  For  some 
mtermediate  ^vidth  the  two  tendencies  are 
balanced,  and  the  competent  slope  has  its 
minimum  value.  In  figure  24  abscissas 
measured  from  0  represent  width  of  trough, 
and  ordinates  represent  competent  slope.  The 
curve  sketched,  while  not  quantitative,  has 
adequate   basis   for   its   broader   features    and 


FiiiVRE  '24. — Ideal  cur\'e  of  competent  slope  (C'.S.)  in  relation  to  width 
of  trough  (If). 

shows  the  general  character  of  the  relation  of 
competent  slope  to  width.  From  its  miuhnum 
it  ascends  gradually  on  the  side  of  greater 
width,  and  on  the  side  of  lesser  width  rises  with 
relative  rapidity  toward  a  vertical  as\Taptote 
near  the  axis  of  competent  slope.  These 
various  characters  are  approximately  paralleled 
by  the  variations  of  a  as  shown  m  the  table. 

The  relation  of  a  to  fineness  does  not  come 
out  very  clearly  m  Table  7,  and  a  different 
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arrangement  is  therefore  given  in  Table  8, 
whicli  omits  the  values  of  a  not  affording  com- 
parison and  adds  three  interpolated  values. 
The  general  fact  thus  shown  is  that  a  increases 
as  fineness  duninishes,  but  to  this  there  are  two 
exceptions.  The  more  important  exception 
is  in  grade  (E),  of  which  all  values  of  a  are  less 
than  the  corresponding  values  for  either  grade 
(C)  or  grade  (G).  The  values  for  grades  (B) 
and  (C)  appear  to  be  about  the  same,  although 
the  two  grades  differ  notably  in  fineness.  The 
exceptions  are  associated  with  peculiarities  of 
the  grades  with  respect  to  range  of  fuieness. 
In  grade  (E)  the  range  for  bulk  fuieness  is  about 
twice  as  great  as  hi  any  of  the  other  grades; 
and  if  this  character  uidicates  the  cause  of  its 
abnormally  small  values  of  a,  then  the  abnor- 
mally high  values  m  grade  (B)  are  explamed 
by  its  small  range  of  fineness  as  compared  to 
the  range  of  grade  (C). 

Table  8. —  Values  of  a ,  from  Table  7,  arranged  to  show  vari- 
ation in  relation  to  fineness  of  debris. 


(B). 

(C). 

(E). 

(G). 

(H). 

Fineness  (Fs) 

13.400 

5,460 

142 

5.9 

2.0 

Range  of  fineness . . 

2.35 

2.  So 

12.65 

2.92 

2.51 

Width. 

DischarRe. 

Values  of ». 

0.44 
.44 
.66 
.66 
1. 00 
1.00 
1.00 
1.32 

0.09.3 
.182 
.363 
.734 
.182 
.363 
.734 
.734 

0.5 
.0 

.'i' 

.1 

0.4 
.2 

[•1 
.1 
.3 
.1 
.1 
.1 

0.0 
.0 
.0 

0.6 

.4 

'""o.'e" 

.6 
.3 
.4 

The  values  of  a  mferred  from  the  logarithmic 
plots  are  not  sufficiently  precise  to  yield 
quantitative  laws  of  the  relations  of  a  to 
fineness  and  the  range  of  fineness,  and  it  is 
again  necessary  to  seek  instead  the  laws 
governing  competent  slope.  Does  competent 
slope  vary  inversely  with  fineness,  and  what 
is  its  law?  Does  competent  slope  vary  in- 
versely with  range  of  fineness,  and  what  is  its 
law? 

Inasmuch  as  fine  debris  is  moved  by  a  rela- 
tively slow  current  and  as  the  force  of  the  cur- 
rent is  a  direct  function  of  slope,  the  competent 
slope  for  fine  debris  is  less  than  for  coarse.  If 
we  accept  the  thesis  of  Lcshe  and  Hopkins  (see 
p.  16)  that  competent  bed  velocity  (Fcj)  varies 
with  the  sixth  root  of  the  volume  or  mass  of 


the  debris  particle,  then,  since  bulk  fineness  is 
the  reciprocal  of  volume. 


r, 


If  we  assume,  from  the  Chezy  formula,  that 
mean  velocity  of  current  is  proportional  to  the 
square  root  of  slope  and  apply  it  to  component 
mean  velocity  (T'<,„)  and  competent  slope 
(Sc),  we  have 

If  we  further  assume  that  bed  velocity  is  pro- 
portional to  mean  velocity,  then,  by  combining 
the  three  proportions  and  reducing,  we  obtain 


Sr  oc 


F°-= 


(17; 


As  each  of  the  three  assumed  laws  is  subject  to 
important  quahfications,  the  product  of  their 
combination  must  be  regarded  as  but  a  rough 
approximation  to  the  law  connecting  com- 
petent slope  with  fineness. 

Further  light  on  the  law  is  afforded  by  some 
experiments  made  for  the  specific  purpose  of 
determining  competent  slope.  In  these  experi- 
ments the  discharge  remained  constant  while  the 
velocity  was  modified  by  changing  the  width  of 
the  outfall.  The  slope  of  the  bed  had  been  pre- 
pared in  advance,  and  the  slope  of  the  water 
surface  was  measured  for  each  width  of  out- 
fall. At  each  stage  of  the  experiment  the 
movement  of  grains  of  debris  along  the  bottom 
was  noted  by  such  phrases  as  "many,"  "sev- 
eral," "few,"  "very  few,"  "none,"  the  words 
being  used  in  that  order  as  a  sort  of  scale. 
Competent  slope  was  inferred  from  a  compari- 
son of  these  notes  with  the  recorded  slopes  of 
the  water  surface.  The  results  are  given  in 
Table  9. 

In  a  closely  related  series  of  experiments. 
Table  10,  a  slope  of  debris  was  prepared  in 
advance,  a  small  discharge  was  passed  over  it, 
and  the  discharge  was  progressively  increased, 
with  notes  on  the  movement  of  debris  grains. 
These  experiments  gave  competent  discharge. 

In  each  series  the  depths  were  measured,  and 
from  these  the  mean  velocities  (!'„,)  were 
computed. 

The  experimental  determinations  were  indefi- 
nite for  several  reasons.     In  the  fii"st  place. 
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a  stream  with  the  critical  bottom  velocity  does 
not  transport  debris  and  therefore  does  not 
establish  its  own  slope  of  bed.  The  slopes 
artificially  prepared  were  of  necessity  imper- 
fectly adjusted.  In  the  next  place,  the  pre- 
pared slopes  did  not  Imitate  the  natural 
diversity  of  detail  bub  were  plane.  Wlien  a 
current  of  competent  velocity  passed  over  one 
of  them  it  immediately  began  to  shape  the  bed 
into  dunes,  and  as  the  modeling  proceeded  the 
activity  of  transportation  increased.  After  the 
dunes  were  formed,  a  smaller  general  velocity, 
or  a  less  discharge,  or  a  lower  general  slope 
was  competent.     The  experiments  being  made 


in  sets,  the  first  of  a  set  gave  a  result  from  the 
plane  bed  and  the  others  from  a  more  or  less 
diversified  bed. 

In  the  tliird  place,  the  particles  composing 
one  of  the  experimental  grades  of  debris  were 
not  of  uniform  mobility.  Not  only  were  they 
of  diverse  size,  as  indicated  by  the  "range  of 
fineness,"  but  they  were  different  in  shape  and 
in  specific  gravity,  so  that  some  were  able  to 
resist  a  considerably  stronger  current  than 
others.  The  competent  slope  for  the  least 
mobile  particles  was  materially  steeper  than 
that  for  the  most  mobile,  and  no  mode  of 
gaging     average     mobilitj^     was     discovered. 


Table 

9. — Experimental  data  on  competent  slope. 

Grade 

oJ 
debris. 

Width 

oJ 
trough. 

Width 
ol  con- 
tractor. 

Dis- 
charge. 

Slope 
debris. 

Slope 
water. 

Depth. 

Mean 
veloc- 

ity. 

Notes  on  movement  of  debris. 

(B) 

C) 

Fed. 
1.00 

1.00 

1.00 

1.00 
1.00 

Fed. 
0.30 
.40 
.30 

.30 
.40 
.30 

.30 
.40 
.30 
.40 
.40 
.40 
.43 
.50 

.40 
.40 
.50 
.50 
.60 
.60 

.70 

.87 
.87 
.87 
.87 
.87 
.87 

Ft.'Isec. 
0.363 
.363 
.363 

.363 
.363 
.734 

.363 
.363 
.734 
.734 
.363 
.363 
.363 
.363 
.363 

.363 
.734 
.363 
.734 
.363 
.363 

.363 
.363 
.363 
.734 
.363 
.363 
.363 

Ferct. 
0.048 
.03 
.028 

.10 
.10 
.10 

.02 
.02 
.02 
.02 
.06 
.10 
.10 
.10 
.10 

.05 
.035 
.035 
.035 
.05 
.10 

.40 
.40 
.30 
.50 
.65 
.80 
1.00 

FCT  cl. 
0.01 
.06 
.03 

.01 

.042 
.045 

.21 
.34 
.33 
.37 
.03 
.055 
.054 
.056 

Fed. 

0.490 
.425 
.475 

.451 
.391 

Fl.jsec. 
0.74 
.85 
.76 

.80 
.93 

A  very  few  grains  moving.    Small  dunes  forming. 

Many'gralns  moving.    Dimes  forming. 

A  very  few  grains  moving.    Some  dunes  forming. 

A  very  few  grains  moving  in  a  few  places. 
Many  grains  moving.    Dunes  formmg. 
Dunes  forming  rapidly. 

No  grains  moving. 

-Vn  occasional  grain  moving. 

Very  few,  if  any,  grains  moving. 

Many  grains  movmg.    Dunes  forming. 

A  very  few  grains  mo\-ing.    No  dunes  forming. 

Very  few  grains  moving. 

Some  small  grains  movmg. 

Several  small  grains  moving.    No  dunes  forming. 

Many  grains  moving. 

No  transportation. 

Do. 

Do. 
Some  transportation  in  lower  half  of  slope. 
Very  few  grains  moving  in  lower  half  of^slope. 
A  few  grains  moving. 

No  grains  moving. 

A  few  grains  moving  at  one  place. 

A  few  grains  moving  in  places. 

Very  few,  if  any,  grains  moving. 

An  occasional  grain  moving. 

Several  grains  moving  in  center  half  of  slope. 

(D) 

.465 
.418 
.743 
.658 
.392 

.78 
.87 
.99 
1.12 
.93 

.373 
.357 

.97 
1.02 

(E) 

(G) 

.043 
.025 
.057 
.069 
.086 
.096 

.22 
.29 
.46 
.46 
.70 
.80 
.93 

.387 
.618 
.357 
.562 
.330 
.314 

.256 
.238 
.225 
.360 
.201 
.184 
.173 

.94 
1.19 
1.02 
1.31 
1.10 
1.16 

1.42 
1..52 
1.61 
1.01 
1.80 
1.98 
2.10 

When  an  experiment  was  begun  with  a  velocity 
well  below  competence,  and  the  velocity  was 
gradually  increased,  the  first  movement  de- 
tected would  be  the  saltation  of  some  small  or 
light  particle,  and  then  the  number  of  particles 
moving  would  gradually  grow  with  the  quicken- 
ing of  current. 

An  attempt  to  correlate  the  "notes  on  move- 
ment of  debris"  in  Table  10  for  a  discharge  of 
0.363  ft.Vsec.  gave  the  following  values  of 
water  slope  for  equivalent  phases  of  movement: 

Grade (B)        (C)        (D)        (E)        (G) 

Slope  of  water  (per 
cent) 0.03      0.03      0.  Oli      0.10      0.93 

By  assuming  the  power  function  Sc  =  (iF,",  or 
log  Sc  =  log  a  +  n  log  F,,  and  plotting  log  Sc  in 


relation  to  log  F,,  the  value  found  for  n  is  about 
—  0..5,   but  it  has   a  large  uncertainty.     The 


^ 

^- 
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Figure  25.— Logarithmic  plot  of  competent  slope  in  relation  to  fineness 
of  debris. 

plot,  figure  25,  shows  the  competent  slope  for 
grade  (E)  smaller  than  would  be  indicated  by 
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its  neighbors,  but  not  so  much  smaller  as  is  the 
value  of  a  for  grade  (E)  in  Table  7.  It  also 
makes  the  competent  slope  for  grade  (B) 
aberrant  in  the  same  sense  as  the  corresponding 


value  of  a.  The  data  are  too  vague  to  give 
much  value  to  such  correspondences;  but  the 
broader  resemblances  aid  in  connecting  a  with 
competent  slope. 


Table  10. — Experimental  data  on  competent  discharge. 


Grade 

Width 

Width 

Dis- 
charge. 

Slope 

Mean 

of 

of 

of  con- 

of 

Depth. 

veloc- 

Notes on  movement  of  d(Sbris. 

debris. 

trougli. 

tractor. 

debris. 

ity. 

Feet. 

Feet. 

Ft.'Isec. 

Perct. 

Feet. 

Fl.iaec. 

CK).... 

1.  'i2 

O.SO 

0.039 

2.00 

Many  grnins  moving.    Dunes  quickly  formed. 

.019 

1.95 

C.oi5 

0.96 

Some  grains  moving;  many  moving  as  small  channels  are  formed  or  surf-ice  becomes 
rough. 

.019 

1.00 

.014 

1.03 

No  grains  moving. 

.0,19 

1.00 

.026 

1.14 

Many  grains  moving. 

Pevpral  gr.iins  moving.    Dunes  forming. 

.039 

1.00 

.024 

1.23 

.010 

1.00 

.018 

.80 

No  gnnns  moving. 

1.00 

.72 

.010 

2.00 

.015 

.07 

A  few  grams  moving  in  a  few  places.    Dunes  forming. 

.019 

1.94 

.025 

.76 

Many  grains  moving.    Dunes  forming. 

.92 

.019 

1.00 

A  few  grains  moving  in  a  few  places. 
Several  grains  moving  in  several  places. 
No  grains  moving. 

.029 

1.00 

.039 

.50 

■".053" 

■'■■.■74 

.058 

.50 

.060 

.96 

\  few  grains  moving  in  a  few  places. 
.Several  grains  moving  in  several  places. 

.075 

.50 

.065 

1.15 

.093 

.50 

.070 

1.33 

Transportation. 

.GO 

.46 

.Olfl 

2.00 

.022 

.09 

A  few  grains  moving  in  a  few  places. 

Several  grains  moving  in  nearly  all  parts  of  trough. 

.019 

2.00 

.028 

1.03 

.010 

1.13 

No  motion. 

.019 

1.13 

"■.042' 

■'".'69 

A  lew  grains  moving  in  a  lew  places. 

.039 

1.13 

.050 

1.19 

Many  grains  moving.    Surface  becoming  rough. 

(F) 

.6H 

.10 

.039 

.0.58 

2.51 
1.05 

.043 

1.36 

.\n  occasional  grain  moving.    Several  grains  moving  after  a  time. 

No  gTiins  moving. 

A  few  grains  moving  in  a  few  places. 

Several  grains  moving  in  some  places. 

.075 

l.l!5 

■■.'67i 

■■i.'59' 

.093 

1.05 

.092 

1..52 

.  Ill 

1.05 

Many  grains  moving. 

Few  grains  moving  in  some  places. 

1.00 

(?) 

.146 

1.1  iO 

■■.086 

"i'.io 

.164 

l.Od 

.093 

1.77 

Several  grains  moving. 

(C,).... 

.66 

.45 

.146 

1.10 

.119 

1.S4 

No  grains  moving. 

.164 

1.10 

.120 

1.05 

Very  few  grains  moving. 

.182 

1.10 

.139 

1.96 

.\  few  grains  moving  near  middle  of  trough. 

.200 

1.10 

.143 

2.10 

.\  few  grains  moving. 

Several  grains  moving  in  lower  half  of  trough. 

.  218 

l.IO 

.153 

2.13 

.164 

1.58 

.112 

2.20 

Some  grains  moving  in  lower  half  of  trough. 

.182 

1.58 

.104 

2.6.1 

Several  grains  movuig  in  lower  half  of  trough,  but  very  few  in  upper  halt. 

.200 

1.68 

.104 

2.  ,88 

Many  grains  moving  in  lower  half,  but  few  in  upper  half. 

.140 

2.05 

.106 

2.07 

Several  grains  moving  in  middle  of  trough;  many  in  lower  part.    Cutting  of  grade. 

.111 

2.05 

.088 

l.,S9 

A  few  grains  moving. 

.093 

2.05 

.088 

1.58 

Very  few  grains  moving. 

.075 

2.05 

.070 

1.61 

No  grains  moving. 

.058 

2.50 

.052 

1.61 

Do. 

.075 

2.50 

.054 

2.08 

k  few  grains  moving. 

.093 

2.  .50 

.072 

1.95 

Many  grains  moving. 

1.00 

.70 

.182 

1.00 

.124 

1.47 

No  grains  moving. 

.218 

1.00 

.141 

1..55 

No  (or  very  few)  grains  moving. 

.  2.i5 

1.00 

.153 

1.67 

Very  few  moving. 

.290 

1.00 

.159 

1.84 

Many  grains  moving. 

.182 

1.45 

.089 

2.04 

Very  few  small  grains  moving. 

.218 

1.45 

.098 

2.23 

Several  grains  moving. 

.2.J5 

1.45 

.105 

2.43 

Many  grains  moving. 
Several  grains  moving. 

.182 

1.90 

.090 

2.02 

.146 

1.90 

.080 

1.83 

Very  few  grains  moving. 

.111 

1.60 

.059 

1.88 

No  grains  moving. 

.003 

2.52 

.061 

1.52 

.111 

2.52 

.067 

1.66 

\  very  few  grains  moving  in  part  of  trough. 

.128 

2.52 

.074 

1.73 

.\  few  gnins  moving,  except  near  head  of  trough. 

.116 

2.  .'^2 

Many  grains  moving.    Grade  culling  in  places. 
No  grains  moving. 

1.32 

.92 

.272 

1.05 

■■■.'115 

"1.79 

.327 

1.05 

.125 

1.99 

Very  few  grains  moving. 

.34.1 

1.05 

.128 

2.04 

\  few  grains  moving. 
Several  grams  moving. 

.3li3 

I.Od 

.130 

2.11 

.218 

1.40 

.075 

2.21 

Very  few  grains  moving  near  center  of  trough. 

.237 

1.40 

.079 

2.27 

None  moving  except  at  middle  of  trough. 

.255 

1.40 

.084 

2.27 

Very  few  moving  except  at  middle  of  Trough. 

.272 

1.40 

.090 

2.28 

A  few  grains  moving. 

.290 

1.40 

.099 

2.22 

Several  moving  In  middle  and  lower  parts;  very  few  in  upper. 

.218 

2,00 

.079 

2.09 

A  few  grains  moving. 

Several  grains  moving  in  middle  part  of  trough. 

.237 

2.00 

.090 

1.99 

.255 

2.00 

.097 

1.98 

Several  grains  moving. 

.146 

2.50 

.055 

2.01 

Very  few  grains  moving. 

.164 

2.50 

.061 

2.04 

Several  grains  moving. 

.182 

2.50 

.069 

1.99 

Do. 

(H)... 

.66 

.46 

..163 

1.10 

.212 

2.57 

Occasionally  a  grain  moving. 

.454 

1.10 

.260 

2.02 

A  few  grains  moving  in  lower  half  of  trough. 

.545 

1.10 

.399 

2.74 

Several  grains  moving  in  lower  two-thi,ds  of  trough,  and  occasionally  a  grain  in  upper 
third. 

.039 

1.10 

.329 

2.91 

Several  grains  moving  in  middle  third  ol  trough;  a  few  in  upper  and  lower  parts. 

.45 

.272 

1.30 

.163 

2.49 

Occasionally  one  grain  moving. 

.308 

1..30 

.171 

2.70 

Some  grains  moving  below  middle.  1  to  3  grains  in  a  cross  section. 

.345 

1.30 

.184 

2.82 

2  to  5  grains  moving  in  a  cross  section. 

.182 

2.05 

.132 

2.05 

No  grains  moving. 

.218 

2.05 

.137 

2.39 

A  few  grains  moving  in  l^wer  three-fourths  of  trough. 

.255 

2.03 

.141 

2.72 

Many  grains  moving  in  lower  three-fourths  ol  trough. 
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In  treating  the  data  of  Table  9,  the  assump- 
tion was  made  that  the  note  "several  grains 
moving"  corresponds  to  competent  slope;  and 
averao-es  were  found  of  the  values  of  mean 
velocity  and  depth.'     These  are: 

Grade (E)         (F)         (G)         (H) 

Mean  velocity  (ft./sec.)..  1.10        1.52        2.14        2.83 
Depth  (foot) 0.  020      0. 092      0. 108      0.  218 

When  the  logarithms  of  these  nvmabers  are 
plotted  the  positions  fall  well  in  line,  and  the 
representative  hne  gives  (Fem  indicatmg  the 
mean  velocity  corresponding  to  competent  bod 
velocity) 


Fn" 


(IS) 


Assurmng  again  that  bed  velocity  is  propor- 
tional to  mean  velocity,  and  again  assimiing 
the  vahdity  of  the  Chezy  formula,  we  obtain 
from  (18) 

(19) 


"C   *     J?"  0.44 


The  two  values  of  the  exponent  of  F^  derived 
from  the  experiments,  namely,  —0.44  and 
-0.50,  are  both  larger  than  the  deductive 
value,  -0.33,  of  equation  (17),  but  the  dispar- 
ity is  quite  natural  in  view  of  the  indefiniteness 
of  the  data  and  the  uncertainties  of  the  assump- 
tions. Collectively  the  values  indicate  an  order 
of  magiiitude. 

The  mfluence  of  range  of  fineness  on  compe- 
tent slope  appears  to  be  of  the  same  nature  as 
its  influence  on  a,  though  much  less  pronomiced, 
but  the  determinations  of  competent  slope  are 
too  indefinite  to  give  the  greatest  value  to  the 
comparison.  It  is  significant,  however,  that 
while  the  logarithmic  plots  for  grade  (E)  and 
width  1.00  and  for  three  different  discharges 
(Table  7)  all  yield  values  of  a  less  than  0.05  per 
cent,  the  experiments  on  competent  slope  (Ta- 
ble 9)  record  for  one  of  the  discharges  "no 
grains  moving"  with  a  slope  of  0.21  per  cent, 
and  for  another  "very  few,  if  any,  grains  mov- 
ing" with  a  slope  of  0.33  per  cent.  The  values 
of  <j  in  this  case  fall  far  below  those  for  the  most 
mobile  components  of  the  debris  grade  which 
has  the  largest  range  of  fineness.  The  general 
facts  appear  to  be  that  a  varies  decreasmgly 

>  A  few  series  of  observations  on  competent  velocity  have  been  made 
by  others.  They  pertain  chiefly  to  flume  traction  and  are  cited  in 
Chapter  XII.  Login,  whose  results  are  given  in  Chapter  VII,  used  the 
methods  of  stream  traction  but  omitted  to  measure  the  sizes  of  materials 
transported. 


with  range  of  fineness,  and  that  competent 
slope  is  subject  to  a  variation  of  the  same  kind, 
which  may  or  may  not  be  of  the  same  magni- 
tude. 

The  cause  of  this  variation  is  not  surely 
known,  but  a  plausible  suggestion  in  regard  to 
it  may  be  made.  In  the  experiments  with 
mixtures  of  two  orraore  grades  it  was  found  that 
before  the  slope  had  been  established,  espe- 
cially when  low  velocities  were  used,  the  cur- 
rent tended  to  sort  the  debris,  building  deposits 
yvith  the  coarser  part  and  delivering  the  finer 
material  at  the  end  of  the  trough.  In  experi- 
ments with  a  single  grade  the  same  tendency 
doubtless  existed.  It  was  in  fact  observed  in 
connection  with  dimes  and  antidunes,  which 
sometimes  showed  a  shading  in  color  due  to 
partial  sorting  vnth.  respect  to  density,  the 
heavier  particles  being  dark,  the  hghter  pale. 
As  the  differences  of  size  within  a  grade  were 
not  such  as  to  appeal  strongly  to  the  eye,  con- 
siderable sorting  with  respect  to  size  might 
take  place  without  attracting  attention.  With 
the  ordinary  routine  of  the  experiments,  which 
began  in  each  series  with  low  slopes  and  veloci- 
ties and  gradually  increased  them,  the  influ- 
ences of  such  sorting  may  have  been  systematic, 
and  thus  may  have  modified  that  relation  of 
values  which  finds  expression  in  the  constant  a. 
The  rcsidt  of  such  influence  Avould  be  more  pro- 
nounced for  grade  (E)  than  for  grades  with 
smaller  range  of  fineness.  It  is  easy  to  see  also 
that  an  allied  influence  may  have  affected  to 
some  extent  the  interpretation  of  the  experi- 
ments on  competent  slope. 

The  variations  of  a  are  paralleled  in  so  many 
ways  by  the  variations  of  competent  slope  as 
to  leave  Uttle  doubt  that  the  one  is  in  some 
way  representative  of  the  other.  It  can  not 
be  said  that  the  constant  a,  arbitrarily  intro- 
duced to  rectify  curves  and  thereby  faciUtate 
interpolation,  is  the  equivalent  of  the  slope  of 
competence — if  for  no  other  reason  than  that 
the  competent  slope  for  a  grade  of  debris  made 
of  miequal  grains  eludes  precise  defuiition — 
but  it  may  well  be  a  complex  fimction  of  the 
competent  slopes  of  all  the  different  sorts  of 
grains  contained  hi  one  of  the  laboratory 
grades. 

For  the  practical  purpose  of  obtaining  values 
of  a  for  use  in  formulas  of  uiterpolation,  the 
precedmg  discussion  yields  a  large  body  of 
pertinent  information.     Sigma  varies  inversely 
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with  a  power  of  discharge,  approximately  the 
0.5  power.  It  varies  inversely  ■with  a  some- 
what smaller  power  of  the  bulk  fineness  of 
debris.  It  varies  inversely  with  the  range  of 
fineness  of  the  grades  of  debris,  this  variation 
sei-ving  to  qualify  the  preceding.  It  varies 
with  width  of  channel,  the  variation  including 
a  minimum.  Without  attempting  to  give 
defuiite  symbohc  expression  to  these  laws  of 
variation,  they  were  appUed  to  the  practical 
problem,  and  by  a  series  of  adjustments  the 
skeleton  of  values  of  <t  in  Table  8  was  developed 
into  a  system  covermg  the  whole  range  of 
experimental  conditions.  That  system  is  pre- 
sented in  Table  1 1 . 

Table  11. —  Values  o/a,  in  per  cent  of  slope,  as  adjusted  for 
use  in  interpolation  equations  of  the  form  C=bi  (S— <t)". 


Width 
(feet). 

Values  of  a  for  discharge  (fl.'isrr.)  of— 

0.093 

0.182 

0.363 

0.S45 

0.734 

0.923    1.021 

1.119 

(A) 

0.66 
1.00 
1.32 
1.96 

.23 
.44 
.66 
1.00 
1..12 
1.96 

.44 
.66 
1.00 
1.32 
1.96 

.66 
1.00 
1.32 

.66 
1.00 
1.32 

.66 
1.00 
1.32 

.66 
1.00 
1.32 

.66 

0.40 

0.20 
.12 
.17 

'6.07" 
.10 
.17 

0.04 

1 

6.05 

.07 
.10 

1 

(B) 

.70 
.50 
.30 

.60 
.10 
.10 
.12 
.17 

.08 
.08 
.12 
.18 

.06 
.10 
.14 

.06 
.08 
.12 

0.10 

(C) 

.40 
.16 

.20 
.11 
.15 

.08 
.11 
.16 
.24 

'".'i2' 

.16 

.09 
.06 
.04 

.21 
.31 
.39 

.50 
.58 
.71 

.06 
.09 
.13 
.20 

.08 

.04 
.07 
.11 
.17 

.06 

.14 

(D) 

.19 

.14 

.17 

in 

0.08 

11 

(E) 



.06 

.04 
.03 

.17 

.36 
it 

.08 

.03 

.02 

<F) 

.33 
.44 

.17 
.23 

(0) 

.27 

.33 

50 

m 

.40 

(H) 

.48 

INTERPOLATION. 

The  values  of  a  having  been  assigned,  the 
data  of  Table  4  were  once  more  plotted  on 
logarithmic  paper,  the  ordinates  again  repre- 
senting load  or  capacity,  and  the  abscissas  rep- 
resenting S  —  a,  or  observed  slope  less  the  con- 
stant slope  a.  As  in  the  preliminary  plotting 
for  inspection,  the  primary  data  were  (1)  the 
estimates  of  load  from  the  quantity  of  debris 
deUvered  at  the  end  of  the  trough  and  (2)  the 
associated  slopes  of  the  bed  of  debris,  and 
accessorv    data   were    added    with    distinctive 


notation.  The  secondary  data  were  used 
cliiefly  to  indicate  the  relative  precision  of  the 
primary  data,  the  primary  having  greater 
weight  when  agreeing  more  closely  with  the 
secondary.  The  illustrative  plot,  figure  26, 
shows  only  the  primary  data. 

The  next  step  was  to  draw  through  and 
among  the  observational  points  the  best  rep- 
resentative straight  fine.  It  is  a  property  of 
the  logarithmic  plot  that  its  cHstances  repre- 
sent ratios,  and  the  scale  of  ratios  is  every- 
where the  same.  Similar  errors  of  observa- 
tional positions  are  shown  by  similar  distances 
in  all  parts  of  the  plot,  provided  the  errors  are 
considered  as  fractional  parts  of  the  plotted 
quantities.  Each  observational  point  should 
be  given  the  same  influence  in  determining  the 
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FiGURK  26. — Illustratiou  of  the  method  used  to  adjust  values  of  capacity, 
in  relation  to  slope,  by  means  of  a  logarithmic  plot  of  observed  values 
of  capacity  in  relation  to  slope  minus  <r. 

representative  line,  provided  the  (fractional) 
probable  errors  of  the  observations  are  the 
same.  In  this  case,  however,  the  fractional 
probable  en-ors  for  low  capacities  and  slopes 
are  much  greater  than  for  liigh  capacities,  and 
the  best  representative  Unes  can  not  be  drawn 
without  consideration  of  weights.  Adjust- 
ment by  the  least-squares  method  was  con- 
sidered and  experiments  were  tried,  but  the 
labor  entailed  by  the  necessity  of  using  weights 
was  not  thought  to  be  warranted  by  the 
quahty  of  the  data.  The  foUomng  simpler 
and  less  rigorous  method  was  employed : 

A  group  of  observational  pomts  correspond- 
ing to  the  highest  slopes  was  selected  by  in- 
spection of  the  plot,  and  its  center  of  gravity 
was  computed  by  a  graphic  method.     In  the 
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case  shown  bj-  figure  26,  the  gi-oiip  includes 
six  points  and  the  center  of  gravity  is  the 
point  indicated  by  an  aiTow.  The  represen- 
tative Une  was  made  to  pass  through  tliis 
point  and  was  otherwise  adjusted  to  position 
by  eye  estimate,  with  consideration  of  all  the  ob- 
servational points  and  their  supposed  weights. 
By  this  method  the  observations  of  greatest 
weight  were  enabled  to  fix  one  point  on  the 
line  and  were  also  consulted,  along  with  obser- 
vations of  less  weight,  as  to  its  direction  or 
attitude.  The  method  obviously  left  much  to 
personal  judgment,  but  had  a  rigorous  method 
been  attempted  it  would  have  been  chfficult  or 
impossible  to  avoid  the  use  of  nonrigorous 
judgment  in  the  assignment  of  weiglits. 

The  line  when  drawn  is  a  generahzed  ex- 
pression, for  a  single  series  of  observations, 
of  the  relation  of  capacity  to  slope  less  a.  It 
is  the  graphic  equivalent,  or  graph,  of  a  specific 
equation  of  the  form 

log  C = log  \  +  n  log  (S-a) -  (20 ) 

which  is  the  logarithmic  equivalent  of 

r=?>,  (S-a)" (10) 

The  incUnation  of  the  line  (tan  6)  was  next 
measured,  or  computed,  giving  the  numerical 
value  of  n;  and  its  point  of  intersection  with 
the  axis  of  log  C  was  determined,  giving  the 
value  of  \.  The  values  of  n,  \,  and  a  for  the 
92  series  are  shown  in  Table  15. 

The  graph  was  used,  instead  of  the  equiva- 
lent equation,  in  computing  values  of  C  cor- 
responding to  systems  of  values  of  S.  The 
results  arc  given  m  Table  12  and  constitute  the 
data  for  further  generalizations.  To  compute 
values  of  C  for  a  particular  observational  se- 
ries, the  value  of  <t  for  the  series  was  first  sub- 
tracted from  each  value  of  5  in  the  adopted 
system,  then  each  remainder  (S  —  a)  was  ap- 
plied as  an  argimient  to  the  graph  and  the 
corresponding  value  of  C  read  off.  The  range 
of  values  thus  computed  and  tabulated  was 
either  limited  by  the  range  of  observational 
values,  or  else  included  a  moderate  extrapola- 
tion, which  never  exceeded  10  per  cent  of  the 
observational  range. 

PRECISION. 

If  the  position  of  the  straight  Une  in  each  of 
the  logarithmic  plots  (fig.  26)  had  been  deter- 
mined by  rigorous  methods,  it  would  be  pos- 
sible to  compute  by  rigorous  methods  the  prolj- 


able  errors  of  the  quantities  impUed  by  its 
position.  As  only  approximate  methods  were 
employed  in  placing  them,  only  approximate 
measures  of  precision  are  attainable,  and  an 
elaborate  treatment  would  be  unprofitable. 
The  precision  of  the  attitude  of  the  line,  cor- 
responding to  the  quantity  n,  has  not  been  esti- 
mated; but  computation  has  been  made  of  the 
precision  of  its  position  m  the  direction  of  the 
axis  of  log  C;  and  also  of  the  precision  of  the 
observations,  on  the  assumption  that  the  dis- 
tances of  the  observational  points  from  the 
straight  line  represent  errors  of  observation. 
The  precision  of  the  position  of  the  line  in- 
volves the  precision  of  the  adjusted  values  of 
capacity,  and  also  the  precision  of  the  coeffi- 
cient of  the  equation  of  adjustment.  The 
method  of  computation,  given  below,  is  also 
the  method  employed  in  various  other  compu- 
tations of  precision,  the  results  of  which  appear 
in  later  chapters. 

Each  logarithmic  plot,  correspondmg  to  an 
observational  series,  was  treated  separately. 
The  distance  of  each  plotted  observational 
point  from  the  representative  straight  line,  in 
a  direction  parallel  to  the  axis  of  log  C,  was 
measured.  This  distance,  interpreted  by  the 
scale  of  the  section  paper,  gives  the  logaritliin 
of  the  ratio  between  an  observed  capacity  and 
the  corresponding  adjusted  capacity.  By  using 
a  strip  of  the  section  paper  as  measuring  scale, 
it  was  possible  to  read  the  ratio  directly.  It 
was  also  possible,  without  computation,  and  as 
a  simple  matter  of  reading,  to  subtract  unitj^ 
from  the  ratio  and  multiply  the  remainder  by 
100,  thus  recording  directly  the  residual,  or 
observational  error,  as  a  per  cent  of  the  quan- 
tity measured.  The  facility  of  this  operation 
determmed  the  estimation  of  all  errors  m  per- 
centage. 

From  the  residuals  thus  obtamed,  probable 
errors  were  computed  by  the  following  approxi- 
mate formulas,  in  which  m  is  the  number  of  the 
residuals  and  [v]  is  the  sum  of  the  residuals, 
irrespective  of  sign: 

Probable  error  of  an  observation  = 

[V] 


0.S45 


■^lin{m  —  l) 


Probable  error  of  adjusted  capacities  = 


0.84.5 


[V] 
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Table  12  contains  the  computed  probable 
errors  for  all  those  series,  82  in  number,  in 
which  the  number  of  observations  is  not  less 
than  4.  For  a  smaller  number  of  observations 
it  was  possible  so  to  frame  adjusting  equations 
as  to  leave  no  residuals;  and  although  this  was 
not  done,  the  propriety  of  applying  the  com- 
putation to  such  cases  was  not  evident. 

The  arithmetical  mean  of  the  82  values  of 
probable  error  for  adjusted  capacities  is  ±2.50 
per  cent.  The  corresponding  mean  for  observed 
capacities  is  ±8.80  per  cent.  Another  measure 
of  the  precision  of  the  observations,  collectively, 
is  the  arithmetical  mean,  irrespective  of  sign, 
of  all  the  residuals  (966  in  number)  involved 
in  the  82  series.    That  mean  is  11.5  per  cent. 

^Vhile  these  estimates  of  precision  are  com- 
puted specifically  for  capacities  or  loads,  the 
sources  of  the  errors  are  not  restricted  to  the 
observations  of  loads  but  include  also  the  obser- 
vations of  skpe  and  discharge.  With  use  of 
the  same  diagrams  it  would  be  possible  to  con- 
sider slope  as  a  function  of  capacity  and  com- 
pute the  probable  errors  of  slope  determina- 
tions. The  relations  are  such  that,  within  any 
series,  the  probable  error  of  slope,  considered 
as  a  percentage,  is  less  than  the  probable  error 
of  capacity. 

The  residuals  within  a  series  are,  as  a  nde, 
relatively  great  for  the  lower  slopes;  but  this 
is  true  only  when  the  residuals  are  considered 
as  fractional  parts  of  the  capacity  values  to 
which  they  pertain.  If  the  residuals  be 
measured  in  the  unit  of  capacity,  then  they  are 
relatively  great  for  the  higher  slopes.  The 
gradation  of  precision  in  relation  to  slope  was 
discussed  with  some  care,  and  an  elaborate 
system  of  weights  was  prepared  for  the  ad- 
justed values  of  capacity.  While  these  weights 
were  of  service  in  connection  with  various 
combinations  afterward  made,  it  has  not 
seemed  necessary  to  include  them  in  the 
printed  tables.  It  is  to  be  understood,  how- 
ever, that  the  probable  errors  associated  with 
each  series  in  Table  12  apply  to  the  values  of 
capacity  as  a  group,  the  probable  errors  (in 
per  cent)  of  the  smaller  values  being  relatively 
great  and  those  of  the  larger  values  relatively 
small. 

The  residuals  represent  chiefly  the  errors  of 
observation,  but  they  include  also  errors  intro- 
duced in  the  process  of  adjustment.    To  what- 


ever extent  the  formula  of  adjustment  mis- 
represents the  actual  relation  between  the 
variables,  to  whatever  extent  the  assigned 
values  of  a  are  inaccurate,  and  to  whatever 
extent  the  representative  lines  of  the  plot  are 
misplaced,  factors  of  error  are  introduced  wluch 
tend  to  increase  the  residuals.  The  estimates 
of  probable  error  of  observations  are  therefore 
larger  than  they  would  be  if  the  methods  of 
adjustment  were  perfect. 

The  observations  giving  large  percentage 
residuals  were,  as  a  class,  treated  in  the  graphic 
adjustments  as  of  relatively  low  weight;  but  in 
the  computations  of  probable  error  they  were 
treated  as  of  equal  weight.  The  estimates  of 
probable  error,  and  their  average  values,  are 
larger  than  they  would  be  if  computed  with 
regard  to  weights.  The  influence  of  tliis  factor 
can  not  be  definitely  evaluated,  but  ratios 
brought  out  in  the  discussion  of  residuals  for 
the  assignment  of  weights  indicate  that  it  has 
some  importance.  It  is  thought  that  the 
average  probable  error  of  the  adjusted  values 
may  be  as  low  as  ±2.0  per  cent,  and  that  of  the 
observations  as  low  as  ±7.0  per  cent. 

On  the  other  hand,  the  computations  take 
account  only  of  the  discrepancies  revealed  by 
comparing  observations  of  the  same  series  and 
do  not  cover  such  discrepancies  as  exist  be- 
tween one  series  and  another.  The  estimates 
of  probable  error  are  smaller  than  they  would 
be  if  both  classes  of  discrepancies  were  included. 
This  matter  receives  further  consideration  in 
Chapters  V  and  YI. 


The  duty  of  water  traction,  as  defined  by  the 

units  adopted  for  this  paper,  is  the  capacity  in 

grams  per  second  for  each  cubic  foot  per  second 

C 
of  discharge,  and  its  formula  is    U=q.     The 

duty  corresponding  to  each  adjusted  capacity 
has  been  computed,  and  the  values  appear  in 
Table  12. 

It  is  sometimes  desirable  to  treat  duty  as  the 
ratio  which  the  mass  of  the  load,  or  capacity, 
bears  to  the  mass  of  the  carrier.  To  obtain  the 
value  of  duty  as  a  ratio  of  masses  the  corre- 
sponding value  of  U  should  be  divided  by 
28,350,  the  number  of  grams  in  a  cubic  foot  of 
water. 
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It  is  sometimes  desirable  to  treat  dut}-  as  a 
volume  of  debris,  including  voids — that  is,  as 
the  space  occupied  by  debris  as  a  deposit, 
either  before  or  after  transportation.  In  such 
cases  the  American  engmeer  commonly  uses 
the  cubic  yard  as  a  unit  of  volume  and  24  hours 
as  a  unit  of  time.  To  obtain  the  approxunate 
duty  in  cubic  j^ards  of  debris  per  24  hours, 
divide  the  duty  in  gm./sec.  by  14.  The  exact 
value  of  the  appropriate  d'visor  depends  on  the 


specific  gravity  of  the  debris  particles  and  on 
the  percentage  of  voids  m  the  debris  aggregate. 

EFFICIENCY. 

The  measure  of  efficiency,  as  defined  on  page 

36,  is  /s  =  Tj^,.     The    computed   efficiencies   are 

tabulated  in  Table  12,  along  witli  the  adjusted 
capacities  and  duties. 

T.VBLE  12. — Adjusted  values  of  capacity,  based  on  data  of  Table  4.  with  corresponding  values  of  duty  and  efficiency. 

[Gr.,  grade  of  debris;  «>,  width  of  experiment  trough  in  feet:  Q,  discharge  in  cubic  feet  per  second:  5,  slope  of  channel  bed,  in  per  cent:  C,  capacity 
for  stream  traction,  in  grams  per  second:  C^,duty  of  waterfor  traction, =^:  .^.efficiency  of  current,  =—^.j 


Conditions. 

Adjusted  data. 

Probable  error 
(per  cent)  of— 

Gr. 

w        1    Q 

S 

C 

r 

E 

Adjusted 
data. 

Observa- 
tion. 

(A) 

0.66 

0.093 

1.2 
1.4 
1.6 
1.8 
2.0 
2.2 

23.0 
32.3 
42.6 
53.5 
65.5 
78.0 

247 
347 

458 
576 
704 
840 

206 
248 
286 
320 
3.52 
382 

(A) 

.66 

.182 

'.S 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 

18.7 
25.0 
32.0 
39.5 
56.3 
75.0 
96.0 
119 

103 
137 
176 
217 
309 
412 
528 
654 

147 
171 
196 
217 
257 
294 
330 
363 

(A) 

.66 

.545 

.5 
.6 
.7 
.8 
.9 
1.0 
1.2 

49.8 
66.0 
83.0 

101 

120 

140 

184 

91.4 
121 
1S2 
185 
220 
257 
358 

183 
202 
217 
231 
244 
257 
282 

(A) 

1.00 

.182 

.0 

.6 
.7 
.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 

8.2 
12.5 
17.6 
23.5 
30.0 
37.5 
54.5 
74.0 
97.0 

122 

149 

179 

45.1 
68.6 
95.7 

129 

165 

206 

300 

407 

534 

670 

819 

984 

90.2 
114 
137 
161 
183 
206 
250 
291 
334 
372 
410 
447 

(A) 

1.00 

.363 

.4 

.6 
.7 
.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.3 

17.0 

26.9 

38.2 

51.8 

66 

83 

100 

140 

185 

235 

290 

46.8 
74.1 

105 

143 

182 

229 

276 

386 

310 

648 

799 

117 
148 
175 
204 
228 
254 
276 
322 
364 
405 
443 

(A) 

1.00 

.734 

.4 

.5 
.6 

is 

.9 
1.0 
1.2 

42.5 

65 

91 
121 
154 
191 
231 
320 

58.0 
88.6 

124 

165 

210 

260 

315 

4.36 

145 
177 
207 
236 
262 
289 
315 
363 

(A) 

1.32 

.182 

.5 
.6 

'.'s 

.9 
1.0 
1.2 
1.4 
1.6 

7.0 
11.2 
16.3 
22.3 
29.1 
36.8 
54.3 
74.8 
98 

33.5 
61.6 
89.6 

122 

160 

202 

298 

411 

538 

103 
127 
132 
178 
202 
248 
294 
336 

1.6 

5.2 
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Table  12. — Adjusted  values  of  capacity,  based  on  data  of  Table  4,  with  corresponding  values  of  duly  and  ejficieiicy — Con. 


Conditions. 

Adjusted  da 

a. 

Probable  error 
(per  cent )  of— 

Gr. 

» 

a 

s 

C 

r 

E 

Adjusted 
data. 

Observa- 
tion. 

(A) 

1.32 

0.182 

1.8 

124 

681 

378 

1.6  I          5.2 

2.0 

152 

835 

418 

1 

2.2 

183 

1.010 

439 

W 

1.32 

.3B3 

:.3 

.4 

.6 

'.» 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 

3.6 
10.5 
19.5 
30.2 
42.6 
56.0 
71 
87 

104 

142 

183 

227 

276 

328 

9.9 
28.9 
53.7 
S3.  2 

117 

154 

196 

240 

287 

391 

504 

626 

760 

904 

49.6 
96.3 

134 

166 

195 

220 

245 

267 

287 

326 

360 

391 

422 

452 

2.3 

7.6 

(A) 

l.:!2 

.734 

.3 
.4 

.6 
.7 
.8 
.9 
1.0 
1.2 
1.4 

27.3 
4S.  2 
73.5 

103 

135 

170 

216 

250 

344 

445 

37.2 
IS.  0 

100 

140 

184 

232 

285 

341 

469 

606 

124 
164 
200 
233 
263 
290 
317 
341 
391 
433 

2.3 

7.2 

CA) 

1.96 

.363 

.4 

'.7 
.8 
.9 
1.9 
1.2 
1.4 
1.0 
1.8 
2.0 

12.6 

22.4 

34.0 

47.3 

72.2 

79 

96 

136 

178 

227 

278 

335 

34.7 

61.7 
93.7 

130 

171 

218 

264 

375 

490 

625 

766 

923 

86.8 
123 
156 
186 
214 
242 
265 
312 
350 
390 
425 
462 

2.6 

9.4 

(A) 

1.  at'. 

.7.34 

.2 
.3 
.4 

[o 

.7 
.8 
.9 
1.0 
1.2 

11.2 

29.5 

52 

78 
105 
1.36 
169 
204 
240 
320 

15.3 
40.2 
70.8 

106 

143 

185 

2.30 

278 

327 

436 

76.5 
134 
177 
212 
238 
264 
288 
309 
327 
363 

3.4 

10.9 

(A) 

1.911 

1.119 

.4 

.6 
.7 
.8 
.9 
1.0 

100 
138 
ISO 
222 
266 
311 
3.59 

89.4 
123 
101 
198 
238 
278 
321 

224 

246 
268 
283 
298 
309 
321 

3.9 

12.3 

(B) 

.23 

.ri93 

.8 
.9 
1.0 
1.2 
1.4 
1.6 
l.S 
2.0 
2.2 

2.8 
.5.3 

12!  .5 
17.1 
21.  li 
26.  1 
30.5 
39.4 

30.1 
57.0 
83.9 

1.34 

1S4 

232 

2S1 

328 

375 

37.5 
63.3 
83.9 

112 

131 

145 

156 

104 

170 

1.2 

2.0 

(B) 

.23 

.1X2 

.7 
.8 
.9 
1.0 
1.2 
1.4 
1.0 
1.8 

3.3 
6.7 
10.0 
13.3 
20.0 
26.  6 
33.2 
39.9 

18.1 
36.  S 
55.0 
73.1 

110 

146 

182 

219 

25.9 
46.0 
61.1 
73.1 
91.5 

104 

114 

122 

(H) 

.44 

.  (m 

!9 
1.0 
1.2 
1.4 
1.6 
l.S 
2.0 
2.2 
2  4 
2.0 

4.6 
7.4 
10.2 
13.2 
19.5 
26.2 
33.0 
40.0 
47.2 
54.7 
62.0 
70 

49.5 
■79.6 
110 
142 
210 
282 
355 
430 
508 
588 
667 
753 

2.0 

4.9 
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Table  12.— Adjusted  values  of  capacity,  based  on  data  of  Table  4.  with  romspotuling  values  of  duty  atui  eficiency—Coii. 


(B) 


■8 

.9 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

.5 

.6 

.8 

.9 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

11.0 
14.9 
19.0 
23.7 


10.8 
16.3 
22.9 
30.0 
38.0 


12.8 
17.3 
22.2 
27.6 
33.5 
46.7 
61.4 


26.0 
35.2 
45.6 
56.9 
68.3 


10.8 
15.0 
19.5 
24.6 


Probable  error 
(per  cent)  of — 


984 
1,110 
1,250 
1,400 
1,540 
1,700 
1,870 
2,040 
2,210 


14.5 
31.9 
52.6 
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Table  12. — Adjusted  values  of  capacity,  based  on  data  of  Table  4,  with  corresponding  values  of  duty  and  ejjlciency — Con. 


Conditions. 

Adjusted  data. 

Probable  error 
(per  cent)  of — 

Gr. 

w 

Q 

S 

C 

U 

E 

Adjusted 
data. 

Observa- 
tion. 

3.4 

(B) 

1.00 

0.182 

2.6 

173 

954 

366 

1.1 

2.S 

197 

1,080 

386 

3.0 

224 

1,230 

410 

(B) 

l.QO 

.363 

.2 
.3 
.4 

ie 

.7 
.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 

3.7 
9.4 
16.6 
25.4 
35.3 
46.2 
58.5 
71 
85 

116 

149 

186 

225 

266 

310 

356 

10.2 

25.9 

45.8 

70 

97.2 

127 

161 

196 

234 

320 

411 

512 

620 

732 

S.54 

981 

51.0 
86.3 

114 

140 

162 

181 

201 

218 

234 

267 

293 

320 

344 

366 

3S8 

419 

3.6 

16.5 

(B) 

1.00 

.545 

.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 

99 
120 
143 
193 
247 
305 
368 
435 
505 

182 
220 
262 
354 
453 
560 
675 
798 
927 

228 
244 
262 
295 
323 
350 
375 
399 
421 

1.9 

6.0 

(B) 

1.00 

.734 

.2 
.3 

.4 
.5 
.6 

is 

.9 
1.0 
1.2 
1.4 
1.6 
1.8 

11.0 

25.0 

42.8 

63 

86 

110 

138 

168 

199 

268 

344 

422 

507 

15.0 
34.1 

58.3 

86 
117 
150 
1S8 
229 
271 
365 
469 
575 
691 

75 
114 
146 
172 
195 
214 
235 
254 
271 
304 
335 
359 
384 

2.8 

11.4 

(B) 

1.32 

.182 

.4 

'.6 

'.& 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 

3.7 
6.6 
10.1 
14.1 
18.7 
23.8 
29.3 
42.0 
55.8 
71 
88 

105 

124 

144 

166 

20.3 
36.3 
55.5 
77.5 

103 

131 

161 

231 

307 

390 

484 

682 
791 
912 

50.8 
72.6 
92.5 

111 

129 

146 

161 

176 

219 

244 

269 

288 

310 

3.30 

351 

1.6 

5.4 

(B) 

1.  32 

.363 

.  3 

6  9 

2.4 

10.9 

.4 

13.6 

37.'5' 

93.s' 

21.8 

,  60.1 

120 

.6 

31.2 

41,9 

86.0 
115 

143 

164 

.8 

63.1 

146 

1S2 

.9 

65.5 

ISO 

200 

1.0 

79 

218 

218 

1.2 
1.-! 

1. 1; 

109 
141 

177 

300 
389 

488 

250 
278 
305 

1.8 

215 

592 

329 

2.0 

255 

702 

351 

2.2 

297 

818 

372 

(B) 

1.32 

.545 

.6 

'.a 

.9 
1.0 
1.2 
1.4 
1.6 
1.8 

39.8 

56 

75 

95 
116 
140 
191 
248 
310 
375 

73 
103 
13S 
174 
213 
257 
351 
455 
569 
688 

140 
172 
197 
218 
237 
257 
292 
325 
3.55 
382 

4.1 

IS.  3 

(B) 

1.32 

.734 

.3 

21.7 

29.6 

98.7 

2.1 

9.7 

.4 

39.0 

,i3. 1 

133 

.  5 

59  5 

81.0 

162 

.6 

83 
110 

113 
150 

188 
211 
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Table  12. — Adjusted  values  of  capacity,  based  on  data  of  Table  4,  with  corresponding  values  of  duty  and  efficiency — (!'on. 


Conditions. 

Adjusted  data. 

Probable  error 
(per  cent)  of — 

Gr. 

. 

Q 

S 

C                V 

E 

-\djust«d 
data. 

Observa- 
tion. 

(B) 

1.32 

0.734 

0.8 
.9 

1.0 
1.2 

1.4 
1.0 

1.8 

139 
170 
204 
279 
361 
450 
543 

1S9 
232 
278 
380 
492 
613 
742 

236 
23S 
278 
317 
3.11 

412 

2.1 

9.7 

(B) 

L96 

.3C.3 

.4 

.6 

is 

.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 

lis 

22.4 
32  0 
43.0 
54.8 
67.6 
97 

130 

167 

208 

253 

300 

21.2 
39.4 
61.7 
88.2 

lis 

151 

186 
267 
358 
460 
573 
697 
826 

.W.  3 
76.8 

103 

126 

148 

168 

186 

222 

256 

287 

318 

348 

375 

3.9 

13.5 

(B) 

1.96 

.543 

'.6 
.7 
.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 

29.8 

44.2 

60.5 

79 

98 

120 

168 

221 

2S2 

345 

54.7 
8L1 

111 

145 

180 
220 
•308 
406 
517 
633 

109 
135 
159 
181 
200 
220 
237 
290 
323 
332 

29 

11.3 

(B) 

1.96 

.734 

.3 

.4 

'.6 

is 

.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 

18.6 
35.8 
56.0 
78.5 

103 

130 

158 

190 

257 

330 

407 

488 

575 

25.3 

48.8 
76.3 

107 

140 

177 

215 

259 

350 

450 

554 

665 

783 

84. 3 
122 
155 
178 
200 
221 
2.?9 
2.59 
292 
322 
346 
369 
392 

4.1 

17.  1 

(B) 

1.96 

1.119 

is 

.4 

•5 

is 

.9 
1.0 
1.2 

13.4 
36.1 
65.0 
98 

135 

175 

218 

263 

313 

417 

12.0 
32.3 
5S.1 
87. 5 

121 

136 

195 

235 

280 

373 

60 
108 
145 
175 
202 
223 
241 
261 
2S0 
311 

5.4 

24.1 

(C) 

.44 

.093 

.6 

is 

.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 

2.3 
4.1 
6.1 
8.4 
10.9 
16.4 
22.6 
29.4 
36.6 
44.2 
52.3 

24.7 
44.1 
65.6 
90.4 

117 

176 

243 

316 

394 

475 

362 

41.2 
63.0 
82.0 

100 

117 

147 

174 

197 

219 

238 

255 

3.3 

10.1 

(C) 

.44 

.182 

.6 

is 

.9 

S  7 
12.1 
15.9 
20.1 

47.  S 
66.5 

87.  4 

no 

79.7 

95 
109 
122 

2.3 

6.1 

[ 

1.0 

24.7 

136 

136 

1.2 

34.3 

188 

157 

1.4 

45.3 

249 

178 

1.6 

57.2 

314 

196 

1.8 

70 

385 

214 

2.0 

M 

462 

231 

2.2 

98 

538 

244 

(C) 

.66 

.093 

.5 
.6 
.7 
.8 
.9 
1.0 
1.2 
1.4 

3.3 
5.0 
6.9 
9.0 
11.3 
13.8 
19.4 
25.7 

35.5 
53.8 
74.2 

96.8 
121 
148 
209 
276 

71.0 
89.7 

106 

121 

134 

148 

171 

197 

1.7 

6.8 

1.6 

32.4 

348 

217 

' 

1.8 

39.7 

427 

237 

1 
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Table  12. — Adjusted  values  of  capacity,  based  on  data  of  Table  4,  rvith  corresponding  values  of  duty  and  effirieiici/ Con. 


(C) 


Adjusted  data. 


796 
904 
1,020 
1,130 
1,260 
1,380 
1,.510 
1,6.50 
1,780 


12.9 
17.1 
21.  S 
26.7 
32.1 
44.1 


16.5 
23.3 
31.9 
41.2 
61.1 


1,200 
1,320 
1,460 
1,590 

45.5 
64.2 
87.9 


Probable  error 
(per  cent)  of — 


14.8 
24.8 
36.5 
49.2 


12.1 
27.2 
45.5 
67.0 
90.2 


11.4 
15.6 
20.4 
25.6 
31.2 


41.8 
62.6 
85.8 
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Table  12. — Adjiisted  values  of  capacity,  based  on  data  of  Table  4.  with  corresponding  values  of  duty  and  efficiency — Con. 


Conditions. 

-Vdjusted  data. 

Probable  error 
(per  cent)  ot— 

Or. 

1 

w               Q               S 

1 

'    :    "  i 

E 

Adjusted 
data. 

Observa- 
tion. 

(C) 

1.00     0.363 

0.2 

3.3      9.1 

45.5 

1.2 

G.2 

.3 
.4 

9.6 
17.5 

26.4 

48.2  1 

88 
120 

.5 

26.6 

73.3 

147 

.6 

36.6 

101 

168 

.7 

47.5 

131 

187 

.8 

59 

1(3 

204 

.9 

1 

72 
85 

198 
234 

220 
234 

1.2 

113 

311 

259 

1.4 

143 

394 

281 

1.6 

175 

482 

301 

l.g 

210 

579 

322 

2 

245 

675 

338 

2.2 

281 

774 

352 

2.4 

320 

882 

367 

2.6 

3li0 

992 

3S1 

2.8 

401 

1,100 

393 

in 

1.00 

.545 

!6 
.7 
.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 

48.2 
64.9 
82 

100 

119 

140 

183 

228 

275 

326 

377 

430 

88.4 
119 
150 
183 

21S 
257 
336 
418 
504 
598 
692 
7S9 

177 
198 
214 
229 
242 
257 
280 
299 
315 
332 
346 
359 

1.1 

' 

(C) 

1.00 

.734 

'.i 
.4 

•5 

is 

.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 

12.5 
27.3 
44.2 
63.2 
84 

106 

130 

155 

ISO 

235 

294 

352 

416 

483 

550 

17.0 
37.2 
60.2 
86.2 

114 

144 

177 

211 

245 

320 

401 

480 

567 

658 

750 

85 
124 
150 
172 
190 
206 
221 
234 
245 
267 
286 
300 
315 
329 
341 

7.S 

37.7 

(C) 

1.00 

1.119 

•5 
'.S 
.9 
1.0 
1.2 
1  4 

96 
128 
162 
198 
236 
276 
361 
451 

85.8 
114 
145 
177 
211 
247 
323 
403 

172 
190 
207 
221 
234 
247 
269 
288 

2.3 

0.1 

(C) 

1.32 

.182 

.6 

!8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 

5.6 
8.7 
12.3 
16.6 
21.4 
32.7 
46.5 
62 
80 
99 

120 

144 

30.8 
47.8 
67.6 
91.2 

118 

180 

256 

341 

440 

544 

659 

791 

51.3 
68.3 
84.5 

101 

118 

150 

183 

213 

244 

272 

299 

329 

2.4 

.S.  4 

(C) 

1.32 

.363 

.3 
.4 
.5 
.6 

'.8 
.9 
1.0 
1.2 
1.4 
1.6 
l.S 
2.0 
2.2 
2.4 

6.4 
13.6 
22.1 
31.9 
42.2 
53.8 
66 
79 

105 

135 

166 

199 

233 

270 

307 

17.6 
37.5 
60.9 
87.9 

116 

148 

182 

218 

289 

372 

458 

548 

642 

744 

846 

58.7 
93.8 

122 

146 

166 

185 

202 

21S 

241 

266 

286 

304 

321 

338 

352 

1.2 

3.5 

(C) 

1.32 

.545 

.6 

.7 
.8 

56.3 
73.3 
91 

103 
134 
167 

172 
191 
209 

1.8 

8.5 

.9 

109 

200 

222 

1.0 

129 

237 

237 

1.2 

171 

314 

262 

20921°— No.  86—14- 
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Table  12.~Adjttsted  values  of  capacity,  based  on  data  of  Table  4,  with  corresponding  values  of  duty  and  efficiency^Con. 


(D) 


34.1 
58.9 
86.9 


28.9 
49.0 
73.0 


2  7 

29.0 

48.4 

:f.H 

41.9 

59.9 

5.4 

58.1 

72.5 

7.1 

70.4 

84.9 

9.1 

97.9 

97.9 

in.  5 

145 

121 

18.6 

200 

143 

24.7 

266 

166 

31.4 

338 

188 

as..'. 

414 

207 

4«.» 

498 

226 

5.1.?, 

594 

248 

64.3 

692 

266 

4.7 

25.8 

64.5 

42.3 

84.6 

11.3 

62.1 

104 

15.3 

84.1 

120 

19.7 

108 

135 

24.  (i 

135 

150 

29.  S 

164 

164 

41.1) 

2*^5 

18S 

53.4 

293 

209 

Probable  error 
(percent)  of^ 
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Table  12. — Adjusted  values  of  capacity,  based  on  data  of  Table  4,  with  corresponding  values  of  duty  and  efficiency — Con. 


CoDditions. 

Adjusted  data. 

Probable  error 
(per  cent)  of— 

Gr. 

w 

Q       S 

1 

C 

U 

E 

.\djusted 
data. 

Observa- 
tion. 

(D) 

0.66 

0.182 

1.6 
1.8 
2.0 
2.2 
2.4 
2.6 

67 
82 
98 
114 
132 
150 

368 
450 
638 

626 
726 
824 

230 
250 
269 
284 
302 
317 

4.2 

16.2 

(P) 

.  i;i'. 

.air. 

.2 
.3 
.4 
.5 
.6 
.7 
.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 

4.7 
11.7 
20.7 
31.2 
43.1 
.■56.2 
70.2 
86 

101 

137 

175 

217 

261 

308 

357 

8.5 
21.5 
38.0 
57.2 
79.1 

103 

129 

1.t8 

1S5 

251 

321 

398 

479 

568 

655 

42.6 
71.6 
95 

114 

132 

147 

161 

176 

185 

209 

229 

249 

266 

284 

298 

3.4 

13.3 

(D) 

i.ou 

.Wl 

is 

.9 

1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 

11.3 

15.1 

19.2 

24.0 

34.5 

46.4 

59.8 

74 

90 

106 

124 

144 

IM 

62.1 

83 
106 
132 
190 
255 
329 
407 
495 
682 
682 
792 
902 

88.7 
104 
118 
132 
168 
182 
206 
226 
248 
264 
284 
304 
324 

2.5 

9.1 

(P) 

l.Wt 

.  3W 

.3 
.4 
.5 
.6 

'.k 

.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 

6.9 
13.2 
20.9 
29.6 
39.0 
49.6 
61 
73 
99 

127 

158 

190 

225 

261 

299 

19.0 
30.4 
57.6 
81.6 

107 

137 

168 

201 

273 

350 

435 

524 

620 

819 

824 

63 

91.0 
115 
136 
153 
171 
187 
201 
228 
250 
272 
291 
310 
327 
343 

3.3 

13.2 

(I>) 

1.00 

.545 

.5 
.6 
.7 
.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 

27.6 

40.2 

55.0 

71 

89 

108 

152 

201 

257 

317 

382 

50.6 
73.8 

101 

130 

163 

198 

279 

369 

472 

682 

700 

101 
123 
144 
102 
181 
198 
232 
264 
296 
323 
350 

1.2 

3.9 

(D) 

1.00 

.  7.i4 

.2 
.3 
.4 
.5 
.6 
.7 
.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 

6.9 
17.5 
31.0 
47.0 
65.0 
85 

106 

129 

153 

208 

268 

332 

388 

9.4 
23.8 
42.2 
64.0 
88.0 

116 

144 

176 

208 

282 

366 

452 

542 

47.0 
79.3 

106 

128 

148 

166 

180 

196 

208 

236 

361 

283 

302 

2.5 

11.3 

<D) 

1.32 

.  363 

.5 
.6 
.7 
.8 
.9 
1.0 
1.2 
1.4 

11.9 
18.8 
27.0 
36.6 
47.2 
59.2 
87 
118 

32.8 
50.9 
74.4 

101 

130 

163 

240 

325 

65.6 
84.8 

100 

139 

144 

103 

200 

232 

7.0 

24.3 

1.6 

154 

424 

206 

1.8 

194 

634 

297 

2.0 

237 

653 

326 

J 
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Table  12. — Adjusted  values  of  capacity .  based  on  data  of  Table  4,  with  corresponding  values  of  duty  and  effidency^Con. 


24.8 
3(i.2 
49.4 


40.3 
67.0 
91.3 


12.0 
14.8 
20.7 
27.6 
35.3 


13.2 
20.9 
30.4 
40.6 


33.0 

41.8 
50.7 
58.0 
65.0 


Ui.5 
25.3 
36.1 


18.0 
30.3 
41.2 
50.6 
60.1 


28.0 
33.8 
47.2 
62.0 
78.5 


20.3 
25.4 
30.7 
36.3 
49.3 
63.5 


12.4 
20.7 
30.5 
42.0 
54.5 
67.8 


67.4 
75.0 
81.7 
88.0 
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Table  12. — Adjusted  values  of  capacity,  hosed  on  data  of  Table  4,  with  corresponding  valties  of  duty  aiul  e^lciency — Con. 


Adjusted  data. 


13.7 
IS.  9 
24.7 
31.4 
38.7 
40.8 
65.7 


29.8 
3S.2 

47.7 


20.0 
27.3 
35.1 
42.8 


23.1 
40.1 
62.1 
90.1 


20.4 
28.9 
38.0 
02.8 
92.0 


42.5 
53.8 
65.0 


53.2 
62.8 
71.0 


17.6 
28.6 
38.8 
50.0 
62.0 
74.6 


38.0 
52.3 
65.7 
79.4 
91.7 


39.0 
46.5 
53.1 
58.3 


04.3 
71.0 
83.3 
95.8 


31.0 
41.5 
53.0 
06.0 


31.0 
40.2 
01.6 
87.0 


43.3 
50.0 
70.0 


66.4 
85.0 
93.2 

48.4 
91.1 
62.6 
75.2 
87.9 
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Table  12. — Adjusted  values  of  capacity,  based  on  data  of  Table  4,  with  corresponding  values  of  duty  and  efficiency — Con. 


Conditions. 

Adjusted  data. 

Probable  error 
(per  cent)  of— 

Gr. 
(G) 

w 

Q 

S 

C 

V 

E 

Adjusted 
data. 

Observa- 
tion. 

0.66 

0.363 

1.0 

8.5 

23.4 

23.4 

2.2 

5.8 

1.2 

14.8 

40.8 

34.0 

1.4 

23.0 

63.4 

45.3 

1.0 

32.7 

90.1 

56.3 

1.8 

43.7 

120 

66.7 

2.0 

56.0 

154 

77.0 

(0) 

.66 

.734 

is 

.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 

10.3 

16.0 

22.8 

30.4 

48.3 

69 

93 

120 

149 

181 

216 

253 

13.3 
20.7 
29.5 
39.3 
62.5 
89.2 

127 

155 

193 

234 

280 

327 

19.0 
25.9 
32.8 
39.3 
52.1 
63.7 
79.4 
86.2 
96.5 

106 

117 

126 

1.5 

4.3 

(G) 

.66 

1.119 

.6 
.7 
.8 
.9 
1.0 
1.2 
1.4 
l.C 
1.8 
2.0 
2.2 
2.4 
2.6 

11.9 
19.0 
27.7 
37.6 
49.0 
75.0 

107 

143 

182 

227 

276 

325 

382 

10.6 
17.0 
24.7 
33.6 
43.8 
67.0 
95.6 

128 

163 

203 

247 

290 

341 

17.7 
24.3 
30.9 
37.3 
43.8 
55.8 
68.3 
80.0 
90.6 

102 

112 

121 

131 

1.2 

3.6 

(G) 

1.00 

.363 

1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 

9.7 
16.3 

24.4 
34.1 
45.2 

57 

71 

86 
102 
120 

26.7 
44.9 
67.2 
94.0 

125 

157 

196 

237 

281 

331 

22.2 
35.0 
42.0 
52.2 
62.5 
71.4 
81.7 
91.2 

100 

110 

1.9 

5.0 

(G) 

1.00 

.734 

.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 

8.0 
13.3 
19.5 
26.9 
44 
65 
89 

115 

145 

177 

212 

249 

10.9 
18.1 
26.6 
36.6 
60.0 
88.6 

121 

157 

198 

241 

289 

339 

15.6 
22.6 
29.6 
36.6 
50.0 
63.3 
75.6 
87.8 
99.0 

110 

120 

130 

1.9 

5.5 

(G) 

1.00 

1.119 

.6 
.7 
.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 

13.5 
22.7 
33.6 
46.0 
61.0 
92 

128 

171 

217 

268 

321 

380 

12.1 
20.3 
30.0 
41.1 
54.4 
82.2 

114 

153 

194 

239 

287 

340 

20.1 
29.0 
37.5 
45.6 
54.4 
68.5 
81.5 
95.6 

108 

120 

130 

142 

4.3 

13.6 

(G) 

1.32 

.363 

1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 

18.1 
28.3 
39.9 
53.8 
69.8 
88.0 

109 

134 

49.5 
78.0 

101 

148 

192 

242 

300 

309 

27.7 
39.0 
45.9 
61.7 
73.9 
86.5 

100 

115 

2.4 

4.8 

(G) 

1.32 

.734 

.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 

7.9 
12.8 
18.9 
33.8 
52.0 
74.0 
98.0 

125 

155 

187 

222 

260 

10.8 
17.4 
25.8 
46.1 
70.8 

101 

134 

170 

211 

255 

303 

354 

13.5 
19.3 
25.  S 
38.4 
50.6 
6,^2 
75.4 
85.0 
95.9 

106 

117 

126 

5.8 

1 
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Table  12. — Adjusted  values  of  capacity,  based  on  data  of  Table  4,  with  corresponding  values  of  duty  and  ejjicicncy — Con. 


Conditions. 

Adjusted  data. 

Probable  error 
(per  cent)  of— 

Or. 

w 

Q 

S 

C 

V 

E 

-\djusted 
data. 

Observa- 
tion. 

(G) 

1.32 

1.U9 

0.7 
.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 

17.9 
2S.0 
39.5 
52.2 
81 

115 

153 

194 

238 

285 

333 

387 

16.0 
25.0 
35.3 

46.6 
72.4 

103 

137 

173 

213 

255 

299 

346 

22.9 
31.2 
38.1 

40.0 
60.3 
73.6 
85.6 
96.2 

106 

116 

125 

133 

3.1 

8.7 

(H) 

.66 

.363 

1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 

3.1 
6.9 

12.4 

19.4 

28.0 

38.1 

49.8 

63 

78 

8.5 
19.0 
34.2 
53.3 
77.1 

105 

137 

174 

213 

7.1 
13.6 
21.4 
29.7 
38.6 
47.8 
57.1 
66.9 
76.8 

1.0 

3.5 

(H) 

.66 

.734 

.8 
.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 

4.3 
8.2 
12.8 
24.6 
39.2 
57.0 
77.0 

100 

123 

151 

181 

213 

246 

282 

6.8 
12.4 
19.4 
37.3 
59.4 
86.4 

117 

152 

189 

229 

274 

323 

373 

427 

8.5 
13.8 
19.4 
31.1 
42.4 
54.0 
65.0 
76.0 
83.9 
95.6 

105 

115 

126 

133 

1.6 

4.9 

(H) 

.66 

1.119 

.7 

6.0 

5.4 

7.7 

11.2 

.8 

11.1 

9.9 

12.4 

3.2 

.9 

17.6 

15.7 

17.4 

1.0 

25.2 

22.5 

22.3 

1.2 

43.5 

38.8 

32.3 

1.4 

65.3 

58.3 

41.6 

1.6 

91.0 

81.3 

50.8 

1.8 

120 

107 

59.5 

2.0 

152 

136 

6S.0 

2.2 

186 

166 

75.5 

2.4 

223 

199 

83.0 

2.6 

263 

235 

90.4 

OBSERVATIONS  ON  DEPTH. 

MODE    OF    ADJUSTMENT. 

To  adjust  the  observations  of  depth  it  is 
necessary  to  deal  with  their  relations  to  another 
variable,  and  either  slope  or  capacity  might  be 
used.  The  selection  of  the  particular  variable 
for  comparison  was  a  matter  of  convenience 
only,  because  adjustment  to  eithcT  one  woidd 
bnng  the  depth  values  mto  orderly  relation  to 
the  adjusted  values  of  the  other  also;  but  the 
question  of  convenience  was  not  unimportant. 
A  fairly  thorough  preliminary  study  was  there- 
fore made,  in  which  the  depth  measurements 
for  many  series  were  plotted  in  relation,  sever- 
ally, to  measurements  of  capacity  and  measure- 
ments of  slope. 

In  figure  27  the  horizontal  scale  is  that  of 
slope,  the  vertical  of  depth.  The  round  dots 
represent  observations  made  with  grade   (C), 


width  1.32  feet,  and  discharge  0.734  ft.Vsec. 
Despite  irregularities,  the  grouping  suggests  as 


+ 

"*-. 

^.    ♦ 

\ 

\ 

t. 

\ 

\ 

■-•  — 

o.s 


1.5 


Slope 
Figure  27.— Observations  of  deptli  of  current,  in  relation  to  slope, 
plotted  as  dots.     The  crosses  show  logarithms  of  the  same  depths 
and  slopes. 

the  representative  line  some  such  curve  as  that 
dra'waa.     On  taking  account  of  the  physical  con- 
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ditions,  it  is  evident  that  as  the  slope  is  flat- 
tened, the  current  is  slowed  and  the  depth  in- 
creased, and  that  zero  slope  gives  infinite  depth. 
The  theoretic  curve,  therefore,  has  an  asymp- 
tote ui  the  vertical  Ime  corresponding  to  zero 
slope.  Similarly  the  depth  is  reduced  by  in- 
crease in  slope  but  remains  finite  for  very  high 
slopes.  The  theoretic  curve  has  as  asymptote 
a  horizontal  line  corresponding,  exactly  or 
appioximately,  with  the  (horizontal)  line  of 
zero  depth.  These  asymptotes  relate  the  curve 
d=f{S)  to  the  hyperbola.  In  the  same  figure, 
but  with  use  of  a  difl^erent  scale,  are  a  series  of 
crosses  which  show  the  same  observations  as 
they  appear  when  plotted  on  logarithmic  sec- 
tion paper.  They  are  the  plot  of  oljservations 
on  log  d  =/i  (log  S) ;  and  their  arrangement  sug- 
gests that  the  representative  line  may  be 
straight. 

Plots  were  made  to  show  the  relations  of 
depth  observations  to  associated  capacity,  and 
these  also  suggest  the  hyperbola  and  the 
straight  line.  If,  however,  the  locus  of  d  =fii{C) 
is  a  hyperbola  it  differs  materially  from  that  of 
d=fiS),  for  as  depth  increases  and  current 
slackens,  capacity  becomes  zero  when  current 
reaches  the  value  of  competence,  and  depth 
is  not  then  infinite.  So  the  line  of  zero  capac- 
ity is  not  an  asymptote  to  the  curve. 

It  is  to  be  observed  also  that  the  represen- 
tative lines  for  log  d  =/,  (log  S)  and  log  d  =/„ 
(log  O  can  not  both  be  straight,  for  if  they  were 
there  could  be  derived  from  them  a  straight 
line  representmg  log  C=fy  (log  S) ,  and  it  has 
ah'eady  been  found  that  that  line  is  curved.  It 
is,  indeed,  probable  that  neither  of  the  loga- 
rithmic plots  involving  depth  is  straight;  yet 
there  are  cogent  practical  reasons  for  assuming 
one  or  the  otht'r  to  be  so.  One  reason  is  the 
very  great  convenience  of  the  straight-lino  func- 
tion, and  another  that  the  relatively  small  range 
of  the  depth  data  renders  impracticable  such  a 
discussion  of  the  curvature  of  logarithmic  loci 
as  was  made  in  the  case  of  capacity  versus 
slope.  Accordingly,  the  most  orderly  plots  of 
log  d  =/i  (log  S)  and  log  d  =/„,  (log  C)  were  com- 
pared with  special  reference  to  curvature.  For 
the  function  of  log  C  the  plots  were  found  to 
indicate  curvature  in  one  diTection  only,  while 
for  the  function  of  log  S  they  indicated  slight 
curvatures  in  both  directions,  with  the  straight 
line  as  an  approxunate  mean.     The  function 


log  d  =/i  (log  S)  was  accordingly  selected  for  the 
adjustment  of  the  depth  observations;  and  the 
representative  line  on  the  logarithmic  plot  was 
assumed  to  be  straight.  In  accordance  with 
that  assumption,  the  adopted  formula  of  inter- 
polation was 

^'  (21) 


d  = 


5"' 


with  its  logarithmic  equivalent, 

log  f/  =  log  h'  —  Til  log  <S' (22) 

The  coefficient  6'  is  a  depth,  the  depth  cor-        J 
responding  to  a  slope  of  1  per  cent.  I 

The  data  were  all  plotted  on  logarithmic 
section  paper.  The  notation  was  made  to 
distinguish  depth  measurements  made  at  a 
single  point  by  means  of  the  gage  (see  p.  25) 
from  those  based  on  full  profiles  of  water  sur- 
face and  bed  of  deliris.  The  former  were  used 
exclusively  m  the  drawmg  of  the  representative 
lines,  but  not  because  they  were  regarded  as 
of  highiT  authority.  It  was  thought  best  not 
to  comliine  data  which  in  certain  cases  were 
known  to  be  incongruous ;  and  the  gage  observa- 
tions covered  the  whole  range  of  the  work, 
while  the  profiles  did  not.  The  measurements 
by  profile  were  used  in  criticising  the  measure- 
ments by  gage,  and  they  determined  the  accept- 
ance or  rejection  of  certain  gage  measurements. 
It  was  noted  that  in  some  series  of  observa- 
tions the  depth  measurements  by  the  two 
methods  were  in  close  accord,  while  in  others 
there  was  a  large  systematic  difference;  and 
certain  series  were  rejected  because  of  such 
large  differences. 

The  plots  were  made  to  distinguish  also  the 
observations  associated  with  different  modes 
of  traction — the  dune,  smooth,  and  antidune 
modes.  The  observations  with  the  smooth 
mode  were  assumed  to  be  best,  as  a  class;  and 
these,  together  with  the  observations  connected 
with  the  transitional  phases  of  traction,  were 
used  to  fix  an  initial  point  of  each  representa- 
tive line.  The  direction  of  the  line  was  then 
adjusted  by  eye  estimate  to  make  it  repre- 
sentative of  all  the  points  of  the  particular 
series.  In  this  adjustment  consideration  was 
given  to  the  conditions  affectuig  the  measure- 
ments of  both  depths  and  slopes. 

The  lines  were  first  drawn  for  those  obser- 
vational series  which  appeared  from  the  plots 
to  be  most  harmonious,  anil  for  these  there  was 
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discovered  a  tendency  toward  parallelism, 
wdthin  each  group,  of  lines  associated  Math  a 
particular  sand  grade  and  channel  width  but 
differing  as  to  discharge.  For  numerous  other 
groups,  involving  very  irregular  observational 
positions,  such  parallelism  was  assumed;  and 
under  that  assumption  the  better  series  of  a 
group  were  made  to  control  the  directions  of 
the  lines  for  the  poorer.  For  three  groups  the 
directions  were  interpolated  by  use  of  the 
directions  found  in  affiliated  groups. 

For  each  observational  series  the  direction 
of  the  representative  line  gave  the  value  of  Tii 
in  equations  (21)  and  (22),  and  the  intersection 
of  the  line  with  the  axis  of  log  d  gave  the  value 
of  I'. 


Table  13. —  Values  of  n^  in  d= 


gm- 


Grade 

of 
d^ris. 

Value  of  ni  for  trough  having  width  (in  feet)  of— 

0.23 

0.44 

O.GO 

1.00 

1.32 

1.96 

(B) 

(D) 
(E) 
(F) 
(G) 
(U) 

"aig" 

0.44 

0.50 

.70 

.48-.  58 

.40-.  59 

0.60 
.55 
.48 

0.40 
.56 
.40 

[.351 
.30 
.28 
.34 

0.34 
.53 

'"".'34" 
.26 
.30 

1 

1 

'■1' 

i 

1 

1 

In  Table  13  the  determinations  of  n^  are 
assembled,  being  arranged  vertically  with  re- 
spect to  grade  of  debris  and  hoiizontally  with 
respect  to  width  of  trough.  Collectively  they 
indicate  that,  for  constant  discharge,  the  depth 
varies  inversely  with  the  slope  and  less  rapidly 
than  the  slope.  Comparatively  they  indicate 
considerable   range  in   the   rate   of  variation. 


There  is  some  suggestion  of  system  in  the  dis- 
tribution of  values  of  n^,  and  it  is  especiaU}- 
probable  that  to  the  coarser  d6bris  belong  the 
smaller  values,  but  irregularity  is,  on  the  whole, 
more  in  e^'idcnce  than  system.  The  irregu- 
larity is  to  be  ascribed  largely  to  the  imperfec- 
tion of  the  data,  and  imperfection  is  beUeved 
to  inhere  especially  in  the  measurements  of 
depths  by  means  of  the  gage.     (See  p.  25.) 

Table  14  contains  series  of  adjusted  or  in- 
terpolated values  of  depth.  These  were  com- 
puted for  slopes  with  the  constant  interval  of 
0.2  per  cent,  the  range  of  slope  mthin  each  se- 
ries being  approximately  the  same  as  the  range 
through  wliich  the  depth  observations  were 
made.  The  range  is  usually  less  than  the 
range  of  slopes  for  wliich  capacities  were  com- 
puted, the  difference  being  occasioned  by  the 
fact  that  satisfactory  measurements  of  depth 
could  not  be  made  during  vigorous  antidune 
traction.  The  computations  were  graphic,  the 
values  of  adjusted  depth  being  read  directly 
from  the  logarithmic  plot. 

The  number  of  series  represented  in  the  table 
is  73,  being  one-fourth  less  than  the  number  for 
which  capacities  and  slopes  were  tabulated. 
For  18  series  the  depth  measurements  were  not 
reduced,  the  cliief  reasons  for  rejections  being 
either  (1)  that  the  number  of  observations  was 
very  small,  (2)  that  the  observations  included 
none  made  in  connection  with  the  smooth 
phase  of  traction,  and  (3)  that  the  measure- 
ments with  gage  differed  systematically  by  a 
large  amount  from  corresponding  measure- 
ments by  the  method  of  profiles. 


Table   14. — Adjusted  values  of  depth  of  current  (d),  itith  values  of  mean  velociti/  (I'm)  and  form  ratio  {R=—). 


[ni,  Exponent  in  adjusting  formula  (21);  p.  e.,  probable  t 


,  in  per  cent,  of  adjusted  values.] 


Grade. . 

Q.::;:: 

p.e.... 

1.32 
.363 
.50 

1.5 

(A) 
1.32 
.734 
.50 

1.8 

(A) 
1.96 
.363 

.60 
0.7 

(A) 
1.96 
.734 
.60 
1.7 

(A) 
1.96 
1.119 

.60 
3.4 

S 

d 

Vm 

R 

d 

Vm 

R 

d 

R 

d 

R 

d               I'm 

R 

0.2 

0.218 
.134 
.126 
.109 
.098 
.090 

1.25 
1.78 
2.09 
2.53 
2.83 
3.10 

0.165 
.117 
.096 
.083 
.074 

.or* 

1               . 

0.255 
.167 
.131 
.110 

1.47 
2.24 
2.88 
3.41 

0.130 
.085 
.067 
.056 

0.232 
.182 
.153 

3.35 
4.25 
5.05 

0.118 

.4 
.6 

0.227 
.185 
.160 

2.45 
3.00 
3.45 

0.172 
.141 
.122 

0.136 
.107 
.090 
.079 
.071 
.064 

1.3C. 
1.74 
2.05 
2.35 
2.62 
2.87 

0.170 
.155 
.046 
.040 
.036 
.033 

.093 
.078 
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Table  14. — Adjusted  values  of  depth  of  current  ((/),  tvilh  values  of  mean  velocity  (T'„)  and  form  ratio  (  R=~\ — Con. 


Grade. 

Q.'.'.'.. 

ni 

p.e... 


.150 
.141 
.133 


2.02 
2.17 
2.49 
2.68 
2.86 
3.04 


.266 
.247 
.231 


2.43 
2.70 
2.96 
3.02 
3.42 
3.61 


1.43 
1.28 
1.17 


0.128 
.113 
.102 
.094 


.235 
.216 
.202 


2.82 
2.95 
3.08 
3.20 
3.32 


0. 220 
.184 
.163 
.146 
.135 


1.90 
2.27 
2.56 
2.81 
3.04 


2.03 
2.25 
2.45 
2.65 
2.82 
3.00 
3.15 


(B) 
.66 
.363 


1.33 
1.76 
2.08 
2.34 
2.56 
2.75 
2.94 
3.10 
3.25 


2.22 
2.03 
2.95 
3.23 
3.49 
3.71 


0.373 
.318 
.283 
.259 
.240 
.226 


0.427 
.323 
.274 
.245 
.223 
.207 
.194 


1.97 
2.  GO 
3.04 
3.40 


0. 650 
.490 
.418 
.370 
.340 
.315 
.296 


1.81 
2.00 
2.15 
2.39 
2.40 
2.51 
2.62 


.079 
.075 
.072 


1.53 
1.94 
2.24 
2.46 


3.12 
3.25 
3.36 
3.48 


(B) 
1.00 
.734 


(B) 
1.32 
.545 


(B) 
1.32 
.734 


(B) 
1.96 
.363 


d 

Vm 

0.200 

0.68 

.124 

1.12 

.094 

1.48 

.077 

1.S2 

.006 

2.13 

.058 

2.42 

.032 

2.70 

.047 

2.96 

.043 

3.20 

.040 

3.43 

.038 

3.70 

.036 

3.92 

2.10 
2.68 
3.10 
3.41 
3.67 


3.38 
3.82 
4.27 


2.10 
2.83 
3.48 


0.194 
.146 
.120 


.054 
.031 
.048 


2.33 

2.65 
2.93 
3.20 
3.43 
3.67 


0.059 
.047 
.041 

.036 


Grade. . 

CB) 

(B) 

(B) 

(C) 

(C) 

w 

1.96 

1.96 

1.96 

.44 

.44 

Q 

.545 

.734 

1.119 

.093 

.182 

»i 

.55 

.55 

.55 

.44 

.44 

p.e.... 

2.8 

6.4 

3.8 

0.6 

0.7 

S 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

0.268 

.183 
.147 

1.40 
2.05 
2.55 

0.136 

.094 
.075 

0.400 
.271 
.217 

1.45 
2.13 
2.06 

0.203 
.138 
.110 

0.168 
.133 

1.63 
2.04 

0.086 
.069 

.6 

0. 163 

1.28 

0.370 

0.240 

1.73 

0.546 

.8 

.115 

2.38 

.059 

.126 

2.98 

.004 

.185 

3.11 

.094 

.143 

1.46 

.328 

.213 

1.96 

.480 

1.0 

.102 

2.70 

.052 

.112 

3.35 

.057 

.103 

3.51 

.0S3 

.130 

1.62 

.298 

.192 

2.16 

.436 

.092 
.085 

2.30 
2.26 

.047 
.043 

.147 

3.89 

.075 

.120 
.112 
.106 
.101 

1.75 
1.87 
2.00 
2.10 

.275 
.256 
.242 
.230 

.177 
.165 
.157 

2.34 
2.50 
2.66 

.400 

1.4 

.375 

.355 

1                1 
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Table  14. — Adjusted  values  of  depth  of  current  (d),  with  values  of  mean  velocity  (  Vm)  and  form  ratio  f /?=--  ) — ' 


91 

Con. 


Grade. . 

(C) 
.66 

(C) 
.66 

(C) 
.66 

(C) 
.66 

(C) 
.66 

Q 

.093 

.182 

.363 

.545 

.734 

.56 

.56 

.56 

.56 

.56 

p.e.... 

0.8 

1.8 

1.4 

1.3 

1.9 

S 

d 

Vm 

R 

d 

V'm 

R 

i 

v™ 

R 

d 

Vm 

R 

^ 

Vm 

R 

0.270 
.183 

1.03 
1.52 

0.410 

.277 

0.562 
.381 

1.43 
2.13 

0.850 
.580 

1.08 

0.199 

0.288 

1.8S 

0.438 

.6 

.105 

1.35 

.160 

.146 

1.89 

.222 

.230 

2.38 

.350 

.304 

2.68 

.461 

6.340 

3.20 

0.515 

.8 

.090 

1.58 

.135 

.125 

2.21 

.188 

.196 

2.80 

.298 

.200 

3.16 

.392 

.290 

3.82 

.440 

1.0 

.079 

1.79 

.119 

.110 

2.50 

.167 

.173 

3.20 

.2M 

.228 

3.60 

.346 

.255 

4.34 

.386 

1.2 

.071 

1.97 

.107 

.100 

2.77 

.150 

.157 

3.53 

.238 

.206 

4.00 

.312 

.230 

4.80 

.349 

.005 

. 

.. 

1.8 
2.0 

2.4 

.048 

2.86 

.074 

.046 

3.00 

.071 

Grade. . 

Q.:;;:: 

ni 

p.e.... 

(C) 
1.00 
.182 
.53 
1.9 

(C) 
1.00 
.363 
.53 
0.9 

(C) 
1.00 
.545 
.53 
1.5 

(C) 
1.00 
.734 
.53 
2.2 

(C) 
1.32 
.182 

.58 
1.7 

S 

d 

Vm 

R 

d 

F„ 

R 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm                R 

0.307 
.212 
.171 
.147 
.130 
.118 
.108 
.102 

1.18 
1.72 
2.14 
2.49 
2.80 
3.08 
3.34 
3.60 

0.307 
.212 
.171 
.147 
.130 
.118 
.108 
.102 

0.450 
.310 
.2.50 
.214 
.190 
.172 

1.66 
2.39 
2.96 
3.45 
3.88 
4.26 

0.450 
.310 
.250 
.214 
.190 
.172 

0.139 
.113 
.098 
.086 
.078 
.072 
.067 
.063 
.059 
.056 
.054 

1.30 
1.62 
1.88 
2.13 
2.34 
2.55 
2.74 
2.90 
3.08 
3.24 
3.38 

0.139 
.113 

.098 
.086 
.078 
.072 
.067 
.063 
.0.59 
.056 
.054 

0.100 
.084 
.074 
.067 
.061 
.056 
.053 
.050 
.047 
.045 
.043 

1.38 
1.65 
1.88 
2.09 
2.29 
2.47 
2.73 
2.81 
2.96 
3.12 
3.27 

.8 
1.0 
1.2 

0.190 
.170 
.153 
.141 
.132 
.123 

2.86 
3.22 
3.54 
3. 84 
4.14 
4.52 

0.190 
.170 
.1.53 
.141 
.132 
.123 

.064 
.0.56 
.050 

Grade. . 

q;::;:: 
ti 

p.e.... 

(C) 
1.32 
.363 
.48 
2.3 

(C) 
1.32 
.545 
.48 

.8 

(C) 
1.32 
.734 
.48 
1.1 

(C) 
1.96 
.303 
.48 
1.2 

(C) 
1.% 
.545 
.48 
1.1 

S 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

i 

Vm 

R 

d 

Vm 

R 

0.344 
.246 
.203 
.177 
.158 
.145 
.135 
.124 

1.63 
2.27 
2.76 
3.17 
3.50 
3.84 
4.14 
4.40 

0.261 
.187 
.153 
.134 
.120 
.110 
.102 
.096 

0.168 
.138 
.120 
.108 
.099 
.092 
.086 

1.66 
2.00 
2.28 
2.54 
2.76 
2.96 
3.15 

0.128 
.105 
.092 
.082 
.075 
.070 
.065 

0.132 

.108 
.095 
.085 
.078 
.072 
.068 
.064 
.061 
.058 

1.18 
1.44 

1.66 
1.85 
2.02 
2.18 
2.32 
2.46 
2.59 
2.71 

0.068 
.056 
.048 
.043 
.040 
.037 
.035 
.033 
.031 

0.166 
.136 

.118 
.106 
.097 
.090 
.084 
.079 
.075 

1.66 
2.02 
2.34 
2.61 
2.86 
3.10 
3.30 
3.50 
3.69 

.6 
.8 
1.0 
1.2 
1.4 
1.6 

0.174 
.152 
.136 
.125 
.116 
.108 

2.36 
2.71 
3.02 
3.30 
3.54 
3.78 

0.132 
.115 
.104 
.095 
.088 
.083 

.069 
.060 
.0*4 
.049 
.046 
.043 

2.0 



Grade. . 

q:;;;:: 

ni 

p.e.... 

(C) 
1.96 
.734 
.48 
1.0 

(C) 
1.96 
1.119 

.48 
1.0 

(D) 
0.66 
.093 
.40 
1.3 

(B) 
0.1« 
.1S2 
.40 
1.1 

(D) 
0.66 
.545 
.40 
1.5 

S 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

d         '         1m 

R 

0.2 

0.461 
.349 
.2% 
.265 
.242 
.224 
.212 
.200 
.191 
.183 

1.81 
2.38 
2.80 
3.14 
3.42 
3.69 
3.91 
4.13 
4.33 
4.50 

0.194 
.159 
.138 
.124 
.113 

1.96 
2.38 
2.73 
3.04 
3.31 
3.56 
3.80 

0.099 
.081 
.070 
.063 
.0.58 
.053 
.050 

0.240 
.197 
.172 
.153 
.140 

2.40 
2.92 
3.36 
3.73 
4.08 

0.122 
.100 
.088 
.078 
.072 

0.172 
.143 
.127 
.115 
.107 
.100 
.094 
.090 
.086 
.082 
.079 
.077 

1.61 
1.92 
2.17 
2.40 
2.59 
2.77 
2.92 
3.07 
3.21 
3.36 
3.48 
3.60 

0.258 
.217 
.192 
.174 
.161 
.151 
.143 
.135 
.130 
.125 
.120 
.116 

.531 

.8 
1.0 
1.2 

0.087 
.080 
.074 
.069 
.066 
.013 
.060 
.058 
.056 
.054 

1.63 
1.78 
1.91 
2.02 
2.13 
2.23 
2.33 
2.42 
2.50 
2.58 

0.132 
.132 
.112 
.105 
.100 
.095 
.091 
.088 
.085 
.082 

.403 
.369 
.342 
.322 

1.6  1       -099 

■■■".::::i::";:'; 

.305 

1  8 

291 

2.2 

2.4 

2.6 
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Table  14. — Adjusted  values  of  depth  of  current  (d),  with  values  of  mean  velocity  (  Vm)  and  form  ratio  (r=\- 


Grade. . 

Q.::::: 

m 

p.e.... 

(D) 
1.00 
.182 
.42 

.8 

(D) 
1.00 
.363 
.42 
1.8 

(D) 
1.00 
.545 
.42 
.9 

(D) 
1.00 
.734 
.42 
1.5 

(D) 
1.32 
.363 
.40 
2.1 

S 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

0.2 
.4 
.6 
.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 

0.278 
.207 
.174 
.154 
.140 
.130 
.122 
.115 
.108 
.104 
.101 
.097 

1.32 
1.77 
2.10 
2.36 
2.60 
2.81 
3.00 
3.18 
3.33 
3.48 
3. 63 
3.77 

0.278 
.207 
.174 
.154 
.140 
.130 
.122 
.115 
.108 
.104 
.101 
.097 

0.252 
.213 

.188 
.172 
.1.58 
.149 
.141 
.134 
.128 
.123 

2.16 
2.  .56 
2.S9 
3.19 
3.43 
3.67 
3.88 
4.08 
4.27 
4.44 

0. 2.52 
.213 
.188 
.172 
.158 
.149 
.141 
.134 
.128 
.123 

0.163 
.138 

.124 
.113 
.105 
.099 
.094 
.090 
.086 

1.68 
1.98 
2.22 
2.43 
2.62 
2.78 
2.93 
3.07 
3.20 

0.133 

0.116 
.103 
.094 
.087 
.081 
.077 
.073 
.070 
.007 
.065 
.063 
.061 
.059 

1.57 
1.76 
1.93 
2.09 
2.22 
2.34 
2.47 
2.57 
2.67 
2.77 
2.87 
2.95 
3.04 

0.116 
.103 
.094 
.087 
.081 
.077 
.073 
.070 
.067 
.065 
.063 
.061 
.059 

0.260 
.231 
.210 
.195 
.183 
.173 
.164 
.157 

2.87 
3.21 
3.51 
3.80 
4.04 
4.28 
4.49 
4.69 

0.260 
.231 
.210 
.195 
.183 
.173 
.164 
.157 

.106 
.094 
.086 
.080 
.075 
.071 
.068 
.065 



Grade. . 

'q.:::.'. 

p.e.... 

(D) 
1.32 
.734 
.59 

1.7 

(E) 
.66 
.363 

[.35] 

1.6 

(E) 
.66 
.734 
[.35] 

(E) 
1.00 
.182 
.34 
2.6 

(E) 
1.00 
.363 
.34 
1.6 

S 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

0.2 
.4 
.6 
.8 
1.0 
1.2 

0.423 
.281 
.222 
.187 
.164 
.147 

1.30 
1.97 
2.50 
2.97 
3.38 
3.78 

0.323 
.214 
.169 
.143 
.125 
.112 

0.252 
.198 
.173 
.157 
.146 
.137 
.129 
.123 
.118 
.114 
.112 
.108 

1.44 
1.83 
2.10 
2.32 
2.60 
2.66 
2.80 
2.94 
3.05 
3.16 
3.27 
3.37 

0.252 

.198 

.173 

.157 

0.129 
.122 
.115 
.109 

2.14 
2.28 
2.40 
2.52 

0.195 
.183 
.173 
.166 

0.206 
.194 
.183 
.175 

2.66 
2.83 
3.00 
3.14 

0.313 
.293 
.285 
.205 

0.097 
.091 
.087 
.083 
.080 
.077 

1.88 
2.02 
2.13 
2.22 
2.31 
2.39 

0.097 
.091 
.087 
.083 
.080 
.077 

.146 
.137 
.129 

.123 

1.8 
2.0 
2.2 
2.4 

.118 

.114 

.112 



.108 

1 

1                    1 

Grade. . 

Q.::::: 

p.e.... 

(E) 
1.00 
.734 
.34 
2.6 

(F) 
.66 
.182 
.30 
1.5 

(F) 
.66 
.363 
.30 
0.2 

(F) 
1.00 
.182 
.26 

(F) 
1.00 
.363 
.26 
1.2 

S 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

d 

Vm 

R 

d 

I'm 

R 

0.2 

.4 
.6 
.8 
1.0 
1.2 
1.4 
1.6 

0.395 
.312 
.272 
.246 
.228 
.214 
.203 
.194 

1.85 
2.34 
2.70 
2.98 
3.23 
3.44 
3.63 
3.80 

0.395 
.312 
.272 
.246 
.228 
.214 
.203 
.194 

1 

0.227 
.213 
.201 
.192 
.185 
.178 
.173 
.167 

2.43 
2.59 
2.74 
2.86 
2.98 
3.08 
3.18 
3.28 

0.345 
.321 
.303 
.290 
.280 
.270 
.262 
.254 

0.162 
.153 
.145 
.139 
.135 
.131 
.127 

2.24 
2.38 
2.60 
2.60 
2.69 
2.78 
2.85 

0.162 

0.134 

.127 
.122 
.117 
.113 
.108 
.106 
.103 
.101 

2.05 
2.16 
2.28 
2.36 
2.46 
2.52 
2.60 
2.67 
2  74 

0.205 
.194 
.185 
.178 
.172 
.167 
.162 
.1.57 
.153 

0.099 
.095 
.091 
.0.88 
.085 
.083 
.081 
.079 
.078 

1.83 
1.92 
2.00 
2.07 
2.14 
2.20 
2.26 
2.32 
2.37 

0.099 
.095 
.091 
.088 
.085 
.083 
.081 
.079 
.078 

.153 
.145 
.139 
.135 
.131 

:;:::.:■ 

.127 

2.4 

1 

1 

1 
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Table  U.-Adjusted  values  of  depth  of  current  (d),  tdth  values  of  mean  velocity  (Vm),  and  form  ratio[R=-y 
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-Con. 


Grade. . 

pie.';.; 

(F) 
1.32 

.363 
1-26] 
2.1 

(G) 
.66 
.363 

(G) 
.66 
.734 
1.26] 
0.2 

(G) 
.66 
1.119 

(G) 
1.00 
.363 
.30 

0.4 

S 

d 

Vm 

R 

d 

I'm 

R 

i 

Vm     1         R 

d 

Vm 

R 

d 

Vm 

R 

1 

0.389 
.3.58 
.338 
.320 
.306 
.294 
.285 
.276 
.270 
.263 
.257 

2.86           0.588 
3. 10             .  540 
3.30             .508 
3.48             .481 
3.63             .460 
3.78             .443 
3.90             .430 
4.02             .418 
4.13             .405 
4.22             .395 
4.32             .387 

0.465 
.436 
.413 
.396 
.382 
.371 
.361 
.352 
.34b 
.338 
.332 
.327 

3.68 
3.92 
4.12 
4.30 
4.44 
4.58 
4.70 
4.80 
4.90 
o.OC 
5.1C 
5.  IE 

0.705 
.660 
.626 
.600 
.580 
.561 
.548 
.532 
.522 
.512 
.502 
.494 

.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 

■ '6.127' 
.121 
.116 
.112 
.108 
.106 
.103 

"i'.ii 

2.27 
2.36 
2.44 
2.52 
2.59 
2.65 

"6.096' 
.092 
.088 
.085 
.083 
.081 
.079 

0.222 
.218 
.198 
.189 
.183 
.176 
.172 
.167 
.163 
.158 

2.49 
2.65 
2.80 
2.91 
3.02 
3.13 
3.23 
3.30 
3.39 
3.46 

0.336 
.315 
.300 
.287 
.277 
.268 
.260 
.253 
.247 
.242 

0.158 
.149 
.143 
.137 
.132 
.128 
.124 
.121 
.118 
.116 
.113 

2.30 
2.42 
2.54 
2.65 
2.74 
2.83 
2.93 
3.00 
3.07 
3.14 
3.22 

0.158 
.149 
.143 
.137 
.132 
.128 
.124 
.121 
.118 
.116 
.113 

2.8 
3.0 

1 

1 

Grade 

(G) 
1.00 
.734 
.30 
0.6 

(G) 
1.00 
1.119 

.30 
0.5 

CG) 
1.32 
.363 
.26 
1.1 

1^.?2' 

.734 

Q        

S 

d                       Vm 

\ 

R 

d 

Ira 

E 

d                 Vm 

R 

d 

Vm 

R 

0.287 
.363 
.246 
.232 
.222 
.213 
.206 
.199 
.194 
.188 
.184 
.180 

1 

2.57 
2.80 
2.99 
3.16 
3.30 
3.43 
3.56 
3.68 
3.78 
3.87 
3.96 
4.05 

0.287 
.263 
.246 
.232 
.222 
.213 
.206 
.199 
.194 
.188 
.184 
.180 



0.376 
.344 
.322 
.302 
.290 
.279 
.269 
.260 
.253 
.247 
.241 

3.00 
3.27 
3.50 
3.70 
3.86 
4.04 
4.18 
4.31 
4.43 
4.55 
4.61 

0.376    . 
.344 
.322 
.302 
.290 
.279 
.269 
.260 
.253 
.247 
.241 

0.6 

0.216 
.203 
.194 
.186 
.180 
.174 
.169 
.165 
.162 
.158 

2.60 
2.75 
2.89 
3.00 
3.12 
3.22 
3.30 
3.39 
3.47 
3.54 
3.61 

0.  IM 

.154 

1.0 

.147 

.141 

1.6 
1.8 
2.0 
2.2 
2.4 
2.6 

0.114 
.112 
.108 
.105 
.103 
.101 
.099 
.098 
.096 

2.41 

2.48 
2.55 
2.62 
2.67 
2.74 
2.78 
2.83 
2.87 

0.087 
.081 
.082 
.080 
.078 
.077 
.075 
.074 
.073 

.136 
.132 
.128 
.123 
.122 
.120 
.118 

3.0 
3.2 

Grade 

(G) 
1.32 
1.119 

.26 
0.7 

(H)                                                          (H) 
.66                                                           .66 
.363                                                          .734 
.34                                                           .34 

17                                                           0.9 

1.119 
.34 
0.5 

Q      

S 

d 

Vm 

R 

d 

Vm 

R        \         d 

Vm 

.         i          ^ 

Vm 

R 

0.303 
.281 
.264 
.251 
.241 
.232 
.226 
.219 
.214 
.208 
.203 

2.80 
3.03 
3.22 
3.38 
3.52 
3.66 
3.78 
3.88 
3.98 
4.07 
4.17 

0.230 
.213 
.200 
.190 
.183 
.176 
.170 
.165 
.162 
.157 
.154 

\ 

\ 

0.560 
.507 
.470 
.441 
.420 
.400 
.385 
.372 
.360 
.349 
.341 

2.83 
3.12 
3.36 
3.59 
3.78 
3.94 
4.10 
4.25 
4.40 
4.50 
4.64 

0.850 

.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 



0.382 
.354 
.333 
.316 
.302 
.290 
.280 
.271 
.263 
.256 
.250 
.244 

2.93 
3.16 
3.36 
3.53 
3.70 
3.84 
4.00 
4.13 
4.25 
4.36 
4.46 
4.57 

0.580 
.538 
.504 
.479 
.458 
.440 
.425 
.411 
.399 
.388 
.379 
.370 

0.220 
.207 
.197 
.188 
.181 
.174 
.168 
.164 
.159 

2.  .52 
2.08 
2.82 
2.96 
3.07 
3.18 
3.29 
3.39 
3.48 

0.336 
.316 
.300 
.286 
.276 
.267 
.258 
.250 
.243 

.670 
.636 
.608 
.584 
.564 
.548 
.530 
.518 

3.0 

1 

1 

1 

1 , 
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TBANSPORTATION    OF   DEBKIS   BY   RUNNING   WATER. 


PRECISION. 

Probable  errors  were  computed  in  the  manner 
described  on  page  73.'  The  largest  error 
found  for  a  series  of  adjusted  values  of  depth 
is  ±5.5  per  cent;  and  the  arithmetical  mean 
of  the  66  determinations  is  ±1.70  per  cent. 
The  mean  of  66  determinations  of  the  probable 
error  of  an  observation  of  depth  is  ±5.47  per 
cent;  and  the  arithmetical  mean  of  the  (710) 
residuals,  or  differences  (irrespective  of  sign) 
between  observed  and  adjusted  depths,  is 
6.65  per  cent. 

The  residuals  of  any  series,  computed  as 
fractional  parts  of  the  quantity  measured,  are 
greater  for  small  depths  than  for  large.  Com- 
puted in  fractions  of  a  foot,  they  do  not  vary 
notably  with  depth. 

The  average  value  of  the  depths  to  which 
these  measures  of  precision  pertaia  is  0.176 
foot.  Using  tills  factor  to  convert  the  pre- 
ceding average  percentage  errors  into  (ap- 
proximately) equivalent  Imear  errors,  we  have, 
for  the  average  of  probable  errors  of  adjusted 
depths  ±0.003  foot ;  for  the  average  of  probable 
errors  of  observed  depths  ±0.010  foot,  and 
for  the  average  residual  0.011  foot. 

The  errors  thus  estimated  include  (1)  the 
strictly  accidental  errors  of  observation,  (2)  the 
more  or  less  systematic  influences  exerted  on 
the  measurements  by  the  diverse  modes  of 
traction,  and  (3)  errors  occasioned  bj'  the  as- 
sumptions underlymg  the  method  of  reduc- 
tion; but  they  do  not  mclude  such  systematic 
errors  as  are  shown  by  comparing  gage  meas- 
urements with  profile  measurements.  (See  p. 
26.)  In  connection  with  the  descriptions  of 
methods  of  measurement  it  is  stated  that  the 
probable  error  of  a  smgle  measurement  by  gage 
was  computed  from  the  comparison  of  values 
by  two  methods  (hi  all  cases  where  both  are 
used),  and  on  the  assumption  that  the  measures 
by  the  profile  method  are  relatively  accurate. 
Tills  computation  gave  a  value  smaller  than 
±0.010  foot,  namely,  ±0.007  foot.  The  groups 
of  measurements  to  which  the  two  estimates  of 
precision  apply  are  not  the  same,  although  they 
overlap.  One  group  includes  all  gage  measure- 
ments of  66  series,  their  number  being  710;  the 
other  group  includes  all  those  gage  measure- 
ments of  the  92  series  which  were  checked  by 
profile  measurements,  their  number  being  118. 


By  comparing  these  results  Avith  those  re- 
ported on  page  74,  it  is  seen  that  the  computed 
probable  errors  for  depth  are  smaller  than  those 
for  capacity.  It  is  nevertheless  beheved  that 
the  measurements  of  load  were  more  precise 
than  those  of  depth.  The  discrepancy  is  ac- 
counted for  by  considering,  first,  that  the  esti- 
mates of  precision,  instead  of  apph-ing  simply  to 
the  measurements  of  load  and  depth,  apply  to 
capacity  for  load  as  a  function  of  slope  and  to 
depth  as  a  function  of  slope;  and,  second,  that 
the  relation  of  load  to  slope  is  subject  to  con- 
tmual  rhythmic  variation,  while  the  relation  of 
depth  to  slope  is  little  influenced  by  that  varia- 
tion. 

MEAN    VELOCITY. 

As  the  discharge,  Q,  equals  the  product  of  the 
sectional  area  of  the  current,  vod,  by  the  mean 
velocity,  V^,  we  have 


wd~ 


(23) 


For  each  observational  series,  Q  and  w  are  con- 
stant and 

.1 


F^oc: 


(24) 


Substituting  for  d  its  value  in  the  mterpolation 
equation  (21),  and  remembering  that  V  is  a 
constant  for  each  series,  we  obtain 

r^.aS"' (25) 

By  means  of  (23)  a  value  of  mean  velocity  was 
computed  for  each  adjusted  value  of  d,  and 
these  values  are  given  in  Table  14.  They  ia- 
volve  all  the  assumptions  of  the  formula  for  the 
reduction  of  the  depth  observations  and  have 
the  same  fractional  measures  of  precision. 

FORM  RATIO. 

The  adjusted  values  of  d  were  used  also  for 
the  computation  of  the  form  ratio,  R,  which  is 
the  quotient  of  the  depth  of  the  current  by  its 
width;  and  a  value  of  B  is  tabulated  wdth  each 
value  of  d.  Within  each  observational  series 
the  form  ratios  are  proportional  to  the  depths, 
and  they  have  the  same  measures  of  precision. 

GRAPHIC    COMPUTATION. 

All  these  computations  were  made  by  graphic 
methods.     For  each  observational  series  a  plot 
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was  made  on  logarithmic  section  paper.  By 
way  of  illustration  the  plot  for  grade  (B), 
width  1.96  feet  and  discharge  1.119  ft.Vsec.  Is 
reproduced  in  figure  28,  the  finer  lines  of  the 
logarithmic  net  being  omitted.  The  vertical 
lines  represent  values  of  slope;  the  horizontal 
lines,  capacity,  depth,  mean  velocity,  and  form 


V„,  and  R,  as  functions  of  S. 
rithmic  forms  these  are 


In  their  loga- 


FlGURE  28. — Logarithmic  computation  sheet,  combining  relations  of 
capacity,  mean  velocity,  form  ratio,  and  slope. 

ratio.  For  the  convenience  of  having  the 
graphs  close  together  their  scales  are  made  to 
differ,  the  ratio  of  one  to  another  being  10,  100, 
or  1,000.  In  the  particular  instance  shown  in 
figure  28  the  same  line  represents  C=  100, 
(7  =  0.1,  7„=1.0,  andi?  =  0.1.  With  use  of  this 
notation  were  plotted  the  equations  for  C,  d, 


log  d  =  log  V  —  7!,  log  S 

log  Fm  =  log^-log  d=log^-log  I'  +  n^  log  S 

log.B  =  log(Z-log  w  =  log  -  —  n-ilogS 

log  C=  log  &i  +  n  log  {S  —  a) 

Their  loci  are  the  straight  fines  marked  d,  V^, 
and  R  and  the  cin^e  marked  C. 

After  the  preparation  of  these  constructions 
the  values  of  d,  Vm,  and  R,  corresponding  to  the 
selected  series  of  values  of  S,  were  read  from  the 
sheets,  affording  the  data  of  Table  14.  The 
sheets  had  also  many  other  uses,  for  in  record- 
ing the  relations  of  four  interdependent  varia- 
bles to  slope  they  also  recorded  their  relations 
to  one  another.  The  points  of  the  four  loci 
which  lie  in  the  same  vertical  represent  corre- 
sponding values  of  the  several  variables,  and 
this  property  made  it  possible  to  read  from  the 
plot  the  value  of  a  variable  corresponcfing  to  a 
particular  value  of  one  of  the  others.  For 
example,  if  it  is  desired  to  learn  the  capacity 
corresponding  to  a  mean  velocity  of  2  ft. /sec, 
the  intersection  of  the  velocity  line  with  the 
line  representing  2  on  the  scale  of  velocities  is 
first  found.  From  that  intersection  a  vertical 
is  foUowed  or  drawn  to  the  capacity  fine  and 
the  position  of  the  second  intersection  is  reatl  on 
the  capacity  scale. 

A  large  part  of  the  numerical  data  cited  in 
the  following  discussions  were  either  taken 
directly  from  the  computation  sheets  or  based 
upon  them. 

The  accuracy  of  the  computations  by  loga- 
rithmic graph  may  be  characterized  by  sajang 
chat  it  is  sfightly  below  that  by  sfide  rule.  The 
theoretic  acciu-acy  is  the  same,  but  tests  of  the 
logarithmic  paper  employed  showed  it  to  be  a 
less  perfect  instrument  than  the  sfide  rule, 
which  was  used  for  a  large  body  of  routine 
computations. 


CHAPTER  III.— RELATION  OF  CAPACITY  TO  SLOPE. 


INTRODUCTION. 

A  series  of  chaptci-s,  beginning  with  tliis  one, 
are  given  to  the  discussion  of  the  observational 
data.  The  discussions  make  use  of  the  ad- 
justed values  of  capacity  for  stream  traction, 
slope  of  stream  bed,  and  depth  of  current, 
with  their  derivatives,  contained  in  Tables  12 
and  14.  Associated  with  those  adjusted  values 
are  certain  grades  of  transported  material,  or 
degrees  of  fineness,  certain  widths  of  channel, 
and  certain  discharges  of  the  transporting 
stream.  The  leading  subjects  of  discussion  are 
the  relations  of  capacity  to  slope,  discharge, 
fineness,  and  form  ratio,  but  consideration  is 
also  given  to  the  relations  of  capacity  to  depth 
and  velocity,  and  to  the  relations  which  duty, 
efficiency,  and  depth  bear  to  various  condi- 
tions. The  discussion  is  essentially  empiric,  its 
course  being  guided  in  small  degree  only  by 
theoretic  considerations. 

The  treatment  of  the  relation  of  capacity  to 
slope  first  views  it  as  concUtioned  by  channels 
of  fixed  width,  and  then  as  subject  to  the  rela- 
tively ideal  condition  of  fixed  form  ratio. 

IN  CHANNELS  OF  FIXED  WIDTH. 

THE    CONDITIONS. 

In  each  observational  series  the  width  of 
channel  was  constant,  and  so  also  were  the 
discharge  and  the  grade  of  debris  constituting 
the  load.  As  the  load  was  changed,  the  slope 
responded;  velocity  responded  to  change  of 
slope ;  and  with  variation  of  velocity  went  varia- 
tion of  depth.  The  ratio  of  depth  to  width,  or 
the  form  ratio,  was  therefore  a  variable;  so 
that  the  stream  which  dragged  a  large  load 
down  a  steep  slope  differed  in  form,  and  to  that 
extent  in  type,  from  the  stream  which  moved 
a  small  load  along  a  gentle  slope.  In  a  few 
cases  it  is  possible  so  to  combine  data  from 
different  series  as  to  discover  the  relation  of 
capacity  to  slope  for  streams  which  have  simi- 
lar cross  sections;  and  these  will  be  examined 
in  another  place;  but  the  principal  discussion 
relates  to  streams  with  constant  width  and 
variable  form  ratio. 


THE    SIGMA    FORMULA.' 

Those  properties  of  the  formula 

C=h,(S-a)'' 


(10) 


wliich  determined  its  adoption  for  the  reduction 
of  the  observational  data  to  a  more  orderly 
system  led  also  to  the  consideration  of  its 
availabihty  as  an  empiric  formula  for  the  gen- 
eral relation  of  the  stream's  capacity  for  trac- 
tion to  the  slope  of  its  bed.  With  a  view  to 
this  second  use,  the  specific  values  of  6j,  a,  and 
n  derived  for  the  purpose  of  the  reduction — 
values  which  are  recorded  in  Table  15 — were 
arranged  and  combined  in  various  ways,  in 
order  to  discover,  if  possible,  definite  relations 
to  the  several  conditions  in  accordance  with 
which  the  experiments  were  varied.  It  has 
aheady  been  noted  (p.  71)  that  the  critical 
slope,  a,  varies  inversely  with  fineness  of 
debris,  with  discharge,  and  (probably)  with 
range  of  fineness  witlun  a  grade,  and  that  it 
varies  inversely  with  width  of  trough  when 
that  width  is  relatively  small,  but  directly 
with  width  when  width  is  relatively  large. 

a=f(,P,tl,w,Q) (26) 

written  to  express  those  relations  in  symbols, 
introduces  //  to  designate  range  of  fineness  and 
distinguishes  trend  of  function  by  means  of 
accents.  As  the  notation  by  accents  will  be 
frequently  used,  its  definition  may  be  made 
expUcit.  Where  the  function  is  direct,  or 
increasing,  its  value  increasing  ■with  the  in- 
crease of  the  independent  variable,  the  symbol 
of  the  variable  is  given  the  acute  accent  ('). 
Where  the  fimction  is  inverse,  or  decreasing,  its 
value  decreasing  with  increase  of  the  variable, 
the  grave  accent  Q)  is  used.  For  a  maximum 
fimction,  first  increasmg  and  then  decreasing 
O  is  used,  and  for  a  minimum  function  ("). 
The  discussion  of  the  values  of  &i  showed  (1) 
that  they  vaiy  directly  and  in  marked  degree, 
but  irregularly,  with  F^,   (2)   that  they  vary 

1  Since  these  lines  were  penned  I  have  discovered  that  this  title 
duplicates  one  in  the  field  of  higher  mathematics.  Nevertheless  I 
retain  it  because  of  its  mnemonic  convenience.  The  two  fields  of 
application  are  so  distinct  that  serious  confusion  will  not  be  occasioned. 


RELATION  OF  CAPACITY  TO  SLOPE. 


97 


directly  and  approximately  iii  simple  ratio, 
with  Q,  and  (3)  that  they  vary  mcreasingly,  if 
at  all,  but  very  slightly  with  w,  M^hile  (4)  a  rela- 
tion to  H  could  not  be  disentangled  from  the 
relation  to  F^.  The  discussion  of  the  values  of 
n  showed  (1)  that  they  vary  inversely  and  irreg- 
ularly with  F2,  (2)  that  they  vary  inversely 
and  more  regularly  with  Q,  and  (3)  that  the 
variation  in  respect  to  w  is  direct  for  small 
widths  and  inverse  for  large  widths,  while  (4) 
the  relation  to  H  is  not  separable. 

The  data  on  the  three  parameters  are  sum- 
marized in  equation  (27),  which  is  an  expan- 
sion of  equation  (10).  In  all  probabihty/i  and 
/n  are  as  complex  as/,  but  no  factors  are  intro- 
duced of  which  the  mfluence  was  not  definitely 
shown  b}'  the  discussion. 


and  have  purposely  omitted  details.  The 
results,  despite  important  qualifications,  show 
clearly  that  any  general  expression  of  the  law 
connecting  capacity  and  slope  which  might  be 
based  on  formula  (10)  would  be  highly  complex. 
With  reference  to  the  mam  subject  of  tliis 
chapter,  the  following  section  is  of  the  nature 
of  a  digression,  its  purj)ose  beijig  to  define  a 
method  and  termuiology  used  in  several  of  the 
succeeding  chapters. 

THE  POWER  FUNCTION   AND  THE  INDEX  OF 
RELATIVE  VARIATION. 

One  of  the  algebraic  forms  to  which  the  title 
power  function  is  applied  is 


y  =  ax^. 


(28) 


C=ft  {P^,^)  [S  —f  {Pn,  il,w,^)]^  n^''^''''^    --(27)      If  tiie  coefficient  be  suppressed,  leaving 


This  equation  is  subject  to  a  qualification 
connected  with  the  assignment  of  values  to  a. 
It  will  be  recalled  that  that  assignment  was 
somewhat  arbitraiy,  and  also  that  the  values 
of  a  entered  into  the  computation  of  the  values 
of  \  and  n.  A  systematic  error  in  the  values 
of  a  would  therefore  cause  systematic  errors 
m  the  other  parameters  and  might  vitiate 
conclusions  as  to  the  laws  of  their  variation. 
A  search  was  made  for  evidence  of  such  errors, 
the  search  making  use  of  the  principle  (easily 
demonstrated)  that  a  positive  error  in  a  woidd 
cause  a  positive  error  in  6,  and  a  negative  error 
inn.  While  the  result  of  the  search wa^  nega- 
tive, it  is  not  to  be  supposed  that  the  values  of 
a  have  high  precision.  To  their  errors,  in 
combination  with  the  obscure  influences  of  the 
varjdiig  range  of  fineness  and  with  the  errors  of 
observation,  are  to  be  ascribed  the  irregidari- 
ties  of  the  constants  of  the  adj-usting  equations. 

While  the  algebraic  relations  are  such  that 
minor  errors  in  the  values  of  a  might  have  im- 
portant influence  on  values  of  6j  and  n,  their 
influence  on  the  mterpolated  values  of  C  would 
be  smaU. 

The  uncertainties  affectmg  the  several  ele- 
ments of  equation  (27)  are  so  great  that  no 
attempt  will  be  made  to  develop  from  it  a 
definite  and  quantitative  expression  for  the 
relation  of  capacity  to  slope.  For  this  reason 
the  preceding  paragraphs  have  attempted  to 
present  only  the  general  tenor  of  the  discussion 
20921°— No.  86—14 7 


y  a  a;" 

this  is  the  exact  equivalent  of  the  famUar 
"y  varies  as  the  nth  power  of  x."  This  mode  of 
comjjarmg  the  rate  of  variation  of  one  tiling 
with  the  rate  of  variation  of  another  is  exten- 
sively employed,  and  it  so  commends  itself  by 
its  simplicity  that  its  use  is  constantly  extended 
into  fields  where  its  applicability  is  approxi- 
mate only.  Havmg  occasion  to  make  much  use 
of  certain  variants  of  this  function,  I  find  it 
important  to  obtain  a  clear  conception  of  its 
properties  and  shall  therefore  give  the  matter 
somewhat  elementary  attention — with  due 
apology  to  the  mathematical  reader. 

If  we  consider  x  and  y  merely  as  numbers, 
the  rate  of  variation  with  y  with  respect  to  x 
is  the  ratio  of  the  differential  increment  of  y 
to  that  of  X.    That  ratio  is 


dy 
dx' 


■anif"-^ (29) 


If  we  consider  x  and  y  (and  also  the  constant 
a)  as  powers  of  a  common  base,  equation  (28) 
becomes 


log  y  =  log  a  +  n  log  x 


.(30) 


The  rate  of  variation  of  log  y  with  respect  to 
log  X  is,  differentiatmg, 


d  log  X 


.(31) 
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Now,  in  saying  that  one  quantity  varies  as 
a  certain  power  of  another,  or  in  using  such  a 
function  as  (28),  the  index  of  variation,  or  that 
by  which  is  indicated  the  comparative  rate  of 
variation,  is  the  exponent  n;  and  the  value  of 
this  exponent,  in  terms  of  the  variables,  is  found 
not  in  (29)  but  in  (31).  The  expression  "y 
varies  as  the  nth  power  of  x"  is  equivalent  to 
"the  rate  of  variation  of  y,  considered  as  a 
power,  is  n  times  the  rate  of  variation  of  x, 
considered  as  a  power." 


Figure  29. — Logarithmic  locus  or  the  power  function. 

An  equivalent  result  would  be  attained  if 
attention  were  given  to  the  quaUty  of  the 
growth  of  X  and  y.  Considering  their  growth 
as  occurring  by  additive  increments,  equation 
(29)  gives  the  ratio  between  their  rates  of  in- 
crease. Considering  their  growth  as  a  matter 
of  multipUcation  by  ratios,  the  additive  incre- 
ments are  increments  to  logarithms,  and  equa^ 
tion  (31)  gives  the  ratio  between  rates  of  in- 
crease. 

Equation  (30),  the  logarithmic  equivalent  of 
(28),  is  the  equation  of  a  straight  line.  Repre- 
senting it  by  AB  in  figure  29,  its  incUnation 

CO 

■g^  equals  n,  and  its  intersection  with  the  axis 

of  log  y  gives  CO  =  log  a.  These  f amihar  prop- 
erties enhance  the  utility  of  function  (28)  by 
enabling  the  investigator  to  discuss  its  con- 
stants on  logarithmic  section  paper. 

In  many,  probably  a  large  majority,  of  the 
physical  problems  to  which  the  power  function 
is  apphed,  it  is  found  that  the  exponent,  n, 
does  not  have  a  constant  value  through  the 
entire  range  of  observed  values  of  x  and  y. 
The  locus  of  log  i/=/(log  x)  is  then  not  a 
straight  line  but  a  curve,  which  we  may  repre- 
sent by  AB  in  figure  30.  At  any  point  of  the 
curve  C,  its  minute  element,  not  distinguishable 

CF 
from  a  straight  Une,  has  an  inclination,  rrr- 

JJh , 

which  is  homologous  with  n  m  (31)  and  (28) 


and  which  we  may  call  n^.  The  value  of  n^ 
varies  from  point  to  point  of  the  curve,  so  that 
if  we  try  to  express  the  relation  of  y  to  a;  in  the 
form  of  equation  (28)  we  must  regard  the  ex- 
ponent as  a  variable. 

The  element  at  C  may  also  be  thought  of  as 
part  of  the  tangent  fine  CD,  of  which  the  equar 
tion  is 

log  y  =  FO  +  fljlog  z 
whence 

y  =  \og-^FOx"' 

On  comparing  this  with  (28),  it  is  seen  that 
log-'FO  corresponds  to  a.  Let  us  replace  it 
by  «!,  giving 

^  =  a,z"« (32) 

It  is  evident  that  for  any  other  point  of  the 
curve,  as  C,  the  tangent  intersects  the  axis  of 
log  y  at  a  point  different  from  F,  and  this  cor- 
responds to  a  different  value  of  a^.  In  other 
words,  if  we  would  express  in  an  equation  of 
the  type  of  (28)  the  same  relation  between  two 
variables  that  is  expressed  by  the  logarithmic 
locus  in  figure  30,  we  must  make  the  coefficient 
as  well  as  the  exponent  variable. 


Figure  30.— Locus  of  log  y=/(log  i),  illustrating  the  nature  of  the  index 
of  relative  variation. 

The  values  of  a^  and  n^  are  evidently  func- 
tions of  the  independent  variable,  x. 

It  is  possible  to  give  to  the  relation  shown 
by  the  logarithmic  locus  an  algebraic  expression 
which  is  identical  in  form  with  (28)  and  in 
which  the  coefficient  is  a  constant.  That  is  to 
say,  it  is  possible  to  segregate  the  variabihty  of 
parameters  in  the  exponent;  but  when  that  is 
done  the  exponent  no  longer  corresponds  to  the 
expression  "varies  as  the  nth  power  of,"  and 


RELATION  OF  CAPACITY  TO  SLOPE. 


99 


the  expression  thus  lacks  the  essential  quality 
of  (28).  To  illustrate,  let  us  assume  that  the 
position  of  the  point  F  is  fixed,  so  as  to  give  a 
constant  value  to  a,.  The  values  of  n^  then 
correspond  to  the  inclinations  of  lines  FC,  FC, 
etc.,  drawn  to  points  on  the  curve;  but  these 
lines  are  not  tangents  and  their  incHnations  are 
not  those  of  the  corresponding  elements  of  the 
curve. 

In  order  to  satisfy  the  condition,  from  equa- 
tion (28),  that  y  =  a  when  x=l  and  logx  =  0, 
the  fixed  point  must  be  at  the  intersection,  G, 
of  the  curve  with  the  axis  of  logy.  The  lines 
connecting  it  with  other  points  of  the  curve  are 
therefore  chords. 

In  the  discussions  of  our  laboratory  data  use 
will  be  made  of  both  these  variants  of  the  power 
function;  and  they  will  be  distinguished,  from 
one  another  as  well  as  from  (28),  by  the  follow- 
ing notation.     In 

y  =  vxi (33) 

the  coefficient  and  exponent  are  both  variable 
and  are  functions  of  x.  The  symbol  v  is  chosen 
for  the  coefficient  to  signalize  its  variabihty. 
The  exponent,  i,  denotes  the  instantaneous  ratio 
of  the  variation  of  y  to  the  variation  of  x,  when 
those  variations  are  viewed  as  ratios.  It  is  the 
first  differential  coefficient  of  logy  with  respect 
to  log  X,  and  it  will  be  spoken  of  as  the  index  of 
relative  variation. 
In 

y  =  cxi (34) 

the  coefficient  is  constant  and  the  exponent 
variable. 

Whenever,  in  the  investigation  of  the  natural 
law  connecting  two  variables,  pairs  of  simulta- 
neous values  of  the  variables  are  knowni  by  ob- 
servation, it  is  possible  to  plot  a  curve  represent- 
ing empirically  log  y  =f  (log  x) — such  a  curve  as 
ACGB  in  figure  30.  The  directions  of  the  ele- 
ments of  that  curve,  or  the  values  of  i,  are  es- 
sentially facts  of  observation.  They  depend 
exclusively  on  the  phenomena  and  are  mde- 
pendent  of  the  units  in  which  observational 
data  are  expressed.  It  is  different  with  the 
values  of  j,  for  those  depend  on  the  position  of 
the  point,  G,  in  which  the  curve  mtersects  the 
axis  of  log  y,  and  therefore  on  the  position  of 
the  axis.     The  position  of  the  axis  correspontls 


to  log  J  =  0  or  x=\  and  is  thus  dependent  on 
the  magnitude  of  the  unit  by  which  the  inde- 
pendent variable  is  measured. 

In  other  chapters  of  this  report  much  atten- 
tion is  given  to  the  values  of  i,  and  the  discus- 
sion of  the  variations  of  such  values  is  used  as 
a  mode  of  treating  empirically  the  relations 
between  the  various  factors  of  the  general 
problem  of  traction. 

THE    SYNTHpTIC    INDEX. 

Recurring  to  figure  30,  let  us  give  attention  to 
a  restricted  portion  of  the  curve,  for  example, 
the  part  between  C  and  C .  The  value  of  i  cor- 
responding to  the  point  C  is  the  incluiation  of 
the  line  CF;  the  value  of  i  correspondmg  to  C 
Is  the  inclination  of  CF' .  Between  the  two  are 
a  continuous  series  of  other  values.  The  incli- 
nation of  the  chord  connectmg  C  and  C ,  con- 
considered  as  a  ratio  or  exponent,  is  interme- 
diate between  the  extreme  values  of  i.  If  the 
sequence  of  values  follows  a  definite  law,  the 
value  given  by  the  chord  equals  some  sort  of  a 
mean  derived  from  the  others;  and,  in  any  case, 
it  is  m  a  sense  representative  of  the  group.  It 
may  be  called  a  synthetic  index  of  relative  varia- 
tion between  the  indicated  lunits. 

If  the  coordinates  of  C  be  log  x'  and  log  y' , 
and  the  coordinates  of  C  be  log  x"  and  log  ;/", 
then,  representing  the  synthetic  index  by  /, 


/= 


log 


■log  y' 


log  x"— log  x'' 


(3.5) 


As  the  direction  of  the  chord  depends  on  the 
positions  of  C  and  C  upon  the  curve,  so  the 
value  of  /  depends  on  the  limits  between  which 
it  is  computed.  As  the  direction  of  the  chord 
gives  no  information  concerning  the  direction 
of  anj^  part  of  the  curve,  so  the  value  of  /  can 
not  be  used  to  determine  any  particular  value 
of  i.  It  is  used  in  the  following  pages  for  the 
comparison  of  different  functions  for  which  the 
data  span  approximately  the  same  range  of 
conditions. 

APPLICATION    TO    THE    SIGMA    FUNCTION. 

Let  us  now  represent  the  relation  of  capacity 
to  slope  by  an  equation  of  form  (33), 


C=v,  S'- 


(36) 
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and  develop  the  value  of  i^  from  equation  (10). 
TJiie,  logarithmic  equivalent  of  (10)  (p.  64)  is 

log  C=\ogh,+nlog  (S-a) (15) 

Differentiating,  and  dividing  both  members  by 
d  log  S, 


Introducing  these  values  in  (37)  and  reducing, 
we  have 


nS 


'S- 


(38) 


dlog  C_ndlog(S  —  a) 
dlog  S~   d\ogS  - 


.  (37) 


The  first  member  of  this  equation  is  the  value 
of  \,  and  i,  may  be  substituted  for  it.     Also 


and 


dlog  (S~a) 


d  log  S  = 


dS 

"S-a 

dS 
S^ 


The  values  of  n  and  o  being  known  for  each 
observational  series,  it  is  possible,  by  means  of 
equation  (38),  to  compute  i,  for  any  value  of  S. 
The  values  of  i^  have  been  computed  for  series 
of  values  of  S  having  the  imiform  interval  of 
0.2  per  cent  (and  below  1.0  per  cent  the  inter- 
val of  0.1  per  cent)  and  having  such  range  in 
each  observational  series  as  to  correspond  with 
the  range  of  the  observations.  These  values 
are  recorded  in  Table  1.5.  It  is  proposed  to 
discuss  their  relations  to  various  conditions, 
beginning  with  slope. 


Table  15.—  Values  o/i„  the  index  of  relative  variation  for  capacity  in  relation  to  slope. 


Grade 

CA) 

Conditiona  of  experimentation I  w 

0.66 

1.00 

1.32 

1.96 

Q 

0.093 

0.182 

0.545 

0.182 

0.363 

0.734 

0.182 

0.363 

0.734 

0.363 

0.734 

1.119 

Parameters  of  adjustint?  equation. .^6i ".","!! 

0.40 
32.2 
1.50 

0.20 
56.2 
1.60 

0.04 

150. 3 

1.42 

0.12 

47.4 
1.81 

0.07 

113.3 

1.70 

0.05 

252.3 

1.70 

0.17 
50.1 
1.80 

0.10 

122.8 

1.53 

0.07 

282.4 

1.59 

0.17 

128.9 

1.58 

0.10 

280.1 

1.40 

0.03 

397.0 

1.21 

S 

Values  of  /i. 

0.2 

.3 "■; ■"■■ 

.4 \'.'.\'.'.'.\\'.\'.\"]\ 

.6 

'"i'.H 

1.52 
1.50 
1.49 
1.48 
1.48 

1.47 

""T39' 

2.27 
2.19 
2.13 
2.09 
2.06 

2.02 
1.99 
1.96 
1.95 
1.93 

1.92 

""2."  67' 
1.98 

1.92 
1.89 
1.87 
1.85 
1.83 

1.81 
1.79 
1.78 
1.77 

"i.M" 

1.89 

1.85 
1.83 
1.81 
1.80 
1.79 

1.78 

'"iln 

2.51 
2.38 
2.28 
2.22 
2.17 

2.10 
2.05 
1.02 
1.99 
1.97 

1.95 

3.05 
2.29 
2.04 
1.91 

1.83 
1.78 
1.75 
1.72 
1.70 

1.67 
1.65 
1.63 
1.62 
1.61 

2.08 
1.93 
1.85 

1.80 
1.77 
1.74 
1.72 
1.71 

1.69 
1.68 

"■2.'74' 
2.39 

2.20 
2.08 
2.00 
1.94 
1.90 

1.84 
1.80 
1.76 
1.74 
1.72 

2.79 
2.09 
1.86 
1.74 

1.68 
1.63 
1.60 
1.57 
1.55 

1.52 



1.63 

.7 

.8 :::::::::::: 

.9 

2.24 
2.12 
2.05 
1.99 

1.92 
1.86 
1.82 
1.79 

1.57 
1.53 
1.50 

1.0 

1.48 

1.2 

2.25 
2.10 
2.00 
1.93 
1.88 

1.84 

1.47 

1.4 

1.44 

1-6 ::;:;::: 

1.8 

2.0 .".".■.;;;;; 

2.2 

1.43 
1.42 
1.41 
1.40 

1.39 
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Grade. . 

(B) 

Conditions  of  experimentation 

0.23 

0.44 

0.66 

1.00 

Q 

0.093 

0.182 

0.093 

0.182 

0.093 

0.182 

0.363 

0.S45 

0.182 

0.393 

0.545 

0.734 

Parameters  of  adjusting  equation.. 

J.-:::::: 

n 

0.70 
23.8 
0.93 

0.60 
33.2 
0.99 

0.50 
29.7 
1.15 

0.10 
34  3 
1.63 

0.30 
19.4 
1.64 

0.10 
39.8 
1.64 

0.08 
91.4 
1.45 

0.07 

132.8 

1.38 

0.12 
37.6 
1.69 

0.08 
97.5 
1.54 

0.06 

157.2 

1.53 

0.06 

219.3 

1.52 

S 

Values  of  h. 

2.13 
1.80 
1.68 
1.61 

1.57 
1.54 
1.51 
1.50 
1.49 

1.47 
1.46 
1.45 
1.44 
1.43 

■■2.'22' 

2.11 
2.04 
1.98 
1.95 
1.92 

1.88 
1.85 
1.83 
1.81 
1.80 

1.79 

1.78 
1.77 
1.76 
1.76 

2.57 
2.10 
1.93 

1.84 

1.78 
1.74 
1.71 
1.69 
1.68 

1.65 
1.63 
1.62 
1.61 
1.60 

1.60 
1.59 

■"'i.'es' 

1.63 
1.62 

1.61 
1.59 

1.58 
1.58 
1.57 

1.57 

2.17 

^" 

2.46 
2.19 
2.05 

1.97 
1.92 
1.88 
1.85 
1.82 

1.79 
1.77 
1.75 
1.74 
1.73 

1.72 
1.71 
1.71 
1.70 
1.70 

1.69 
1.69 
1.69 
1.69 
1.68 

1.68 

"'i.ii' 

1.67 
1.64 
1.61 
1.59 
1.58 

1.55 
1.54 
1.53 

.1..52 
1.51 

1.89 

'^ 

2.08 

1.96 
1.90 
1.86 
1.83 
1.81 

1.78 
1.76 
1.74 
1.73 

2.87 
2.63 
2.46 
2.34 

2.19 
2.09 
2.02 
1.97 
1.93 

1.90 
1.88 
1.86 

1.S4 
1.82 

1.72 

1.69 

6.96 
3.98 
2.98 
2.49 

1.99 
1.74 
1.59 
1.49 

4.04 
3.08 
2.60 
2.31 

1.98 
1.80 
1.68 
1.60 
1.54 

1.50 
1.46 
1.43 

1.66 

7.41 
4.17 
3.10 

2.22 
1.85 
1.65 
1.52 
1.43 

1.36 

1.64 

1.61 

1.60 

2-  - 

2.6 

3.0 

3.2 

3.4 

3.8 

;•; i 

1 

1 

Grade.. 
w 

(B) 

(C) 

1.32 

1.96 

0.44 

0. 

66 

Q 

0.182 

0.363 

0.545 

0.734 

0.363 

0.545 

0.734 

1.119 

0.093 

0.182 

0.093 

0.182 

f;:::::: 
in 

0.17 
39.5 
1.61 

0.12 
96.5 
1.54 

0.10 
165.4 

1.55 

0.08 

233.5 

1.57 

0.18 
93.9 
1.64 

0.14 

153.5 

1.60 

0.12 

228.2 

1.46 

0.10 

363.3 

1.43 

0.40 
22.6 
1.43 

0.20 
34.4 
1.50 

0.16 
18.2 
1.58 

0.11 
38.6 
1.54 

Values  of  i\. 

2.86 
2.15 
1.91 
1.79 

1.73 
1.68 
1.64 
1.62 
1.60 

1.57 

2.56 
2.20 
2.02 

1.92 

1.85 
1.81 
1.77 
1.75 

1.71 
1.68 
1.66 
1.64 
1.63 

1.62 

1.86 
1.81 
1.78 
1.75 
1.73 

1.70 
1.67 
1.66 
1.65 

2.14 
1.96 
1.87 

1.81 
1.78 
1.75 
1.72 
1.71 

1.68 
1.67 
1.65 
1.64 

2.44 
2.09 
1.93 

1.83 
1.77 
1.72 
1.69 
1.66 

1.63 
1.60 
1.58 
1.57 
1.56 

2.43 
2.12 
1.97 

.4 

2.80 
2.44 

2.25 
2.13 
2.05 
1.99 
1.94 

1.88 
1.84 
1.80 
1.78 
1.76 

1.75 
1.74 
1.73 

2.57 

2.35 
2.21 
2.12 
2.06 
2.01 

1.94 
1.89 
1.85 
1.83 
1.81 

1.79 

"'i'M' 

2.09 
2.01 
1.94 
1.90 
1.86 

1.82 
1.78 
1.76 
1.74 

2.33 

2.16 
2.05 
1.98 
1.92 
1.87 

1.82 
1.79 
1.76 
1.74 
1.72 

1.70 
1.69 
1.69 
1.68 
1.67 

1.66 
1.66 
1.65 
1.65 
1.65 

1.64 

4.29 
3.39 
2.86 
2.67 
2.39 

2.15 
2.00 
1.91 
1.84 
1.79 

1.75 

2.22 
2.10 
2.00 
1.93 
1.88 

1.81 
1.76 
1.72 
1.69 
1.67 

1.65 

1.88 

1.70 

1.63 

1.62 



1.61 

,   . 

1 

'::::::: 

1 

1.59 
1.59 
1.59 

3.S 

4.0 

■:;:::: 

p:::: 

^•^ 1 

1 

i 
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Table  15. —  Values  ofii,  the  index  of  relative  variation  for  capacity  in  relation  to  slope — Continued. 


Grade. . 

(C) 

Conditions  of  experimentation 

0.66 

1.00 

1.32 

« 

0.363 

0.545 

0.734 

0.182 

0.363 

0.545 

0.734 

1.119 

0.182 

0.363 

0.S45 

0.734 

Parameters  of  adjusting  equation  .  .|6i 

0.08 
82.9 
1.46 

0.06 

122.8 

1.48 

0.04 

162.1 

1.50 

0.15 
40.4 
1.59 

0.11 

100.1 

1.41 

0.09 

159.2 

1.33 

0.07 

199.2 

1.36 

0.06 

301.6 

1.39 

0.22 
33.7 
1.85 

0.16 
99.9 
1.40 

0.13 

156.1 

1.35 

0.11 

218.5 

1.30 

S 

Values  of  h- 

2.12 

1.86 
1.75 
1.69 

1.65 
1.62 
1.60 
1.59 
1.58 

1.56 
1.55 
1.54 
1.54 
1.53 

1.53 

i 

3.14 
2.23 
1.95 
1.81 

1.73 
1.68 
1.64 
1.61 
1.59 

1.55 
1.53 
1.51 
1.50 
1.49 

1.49 
1.48 
1.47 
1.47 

"i'.es' 

1.57 
1.53 
1.50 
1.48 
1.47 

1.44 
1.43 
1.42 
1.41 
1.40 

1.39 

2.18 
1.76 
1.64 
1.57 

1.53 
1.50 
1.48 
1.46 
1.45 

1.43 
1.42 
1.41 
1.41 
1.40 

1.39 

2.90 

3.00 
2.33 
2.06 

1.91 
1.82 
1.75 
1.70 
1.67 

1.61 

1.58 
1.55 
1.54 
1.52 

1.51 

1.50 

1.72 
1.65 
1.61 
1.57 
1.55 

1.51 
1.49 
1.47 
1.45 
1.44 

1.43 

1.42 

2.12 

1.83 
1.74 

1.68 
1.65 
1.62 
1.60 
1.59 

1.56 
1.55 
1.54 
1.53 
1.52 

1.52 
1.51 
1.51 

"i'.m 

1.61 
1.59 
1.58 
1.57 
1.57 



2.54 
2.27 

2.12 
2.02 
1.95 
1.90 
1.87 

1.81 
1.78 
1.75 
1.73 
1.71 

1.70 
1.69 
1.68 
1.68 

1.80 

1.58 

1.55 
1.52 
1.50 
1.49 
1.48 

1.46 
1.45 

2.92 
2.70 
2.55 
2.45 
2.37 

2.27 
2.20 
2.14 
2.11 

2.08 

2.06 
2.04 

1.67 

6                                     

1.60 

1.55 

8..                           

1.51 

1.49 

1.47 

1.44 

1.42 

1.40 

1  8 

1.39 

1.38 

2  2.                    

1.37 

3  2                                                           

1 

1 

1 

1 

Grade.. 

(C) 

(D) 

Conditions  of  e.\perimentation 

w 

1.9li 

0.66 

0.182 

1.00 

Q 

0.363 

0.545 

0.734 

1.119 

0.093 

0.182 

0.545 

0.363 

0.545 

0.734 

Parameters  of  adjusting  equation 

i::E 

0.24 
93.4 
1.62 

0.20 

155.7 

1.50 

0.17 

245.1 

1.34 

0.14 

438.3 

1.59 

0.19 
13.2 
1.80 

0.14 
37.2 
1.55 

0.08 

115.2 

1.61 

0.17 
32.8 
1.67 

0.12 
87.9 
1.49 

0.10 

129.4 

1.68 

COS 

174.6 

1.52 

S 

Values  of  k. 

0.2                

2.52 
2.06 
1.89 
1.80 

1.74 
1.71 
1.68 
1.66 
1.64 

1.62 
1.60 
1.59 
1.58 
1.57 

1.57 

2.54 

2.20 
2.12 
2.06 
2.01 

1.94 
1.90 

1.S6 
1.84 
1.82 

1.81 
1.80 
1.79 
1.78 

2.48 
2.12 
1.95 

1.86 
1.80 
1.75 
1.71 
1.60 

1.65 
1.63 
1.61 
1.59 
1.58 

1.57 
1.56 

"i.'ii 

2.04 
1.97 
1.93 
1.90 
1.87 

1.84 
1.81 
1.80 
1.79 
1.78 

2.12 

2.33 
2.03 

1.87 
1.77 
1.70 
1.65 
1.62 

1.56 
1.53 
1.50 

2.38 
2.15 

2.02 
1.93 
1.88 
1.83 
1.80 

1.75 
1.72 
1.70 
1.68 
1.66 

1.65 
1.64 
1.63 

1.90 

3.12 

2.71 
2.47 
2.32 
2.21 
2.14 

2.03 
1.96 
1.91 

1.87 
1.84 

1.82 

2.49 

2.24 
2.09 
1.99 
1.92 
1.87 

1.79 
1.74 
1.71 
1.68 
1.66 

1.65 

2.21 

2.07 
1.99 
1.93 
1.88 
1.86 

1.80 

2.64 
2.47 
2.36 
2.28 
2.22 

2.14 
2.08 
2.04 
2.01 
1.99 

1.97 
1.96 
1.94 

1.81 

.6 

1.75 

.7    

1.72 

1.69 

.9 

1.67 

1.65 

1.2 

1.63 

1.4 

1.61 

1.6 

1.60 

1.8 

1.59 

2.0 

2.2 

2.4 

2.6 

2.8 
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Table  lo.—  Values  of  i^,  the  index  of  relative  variation  for  capaciti/  in  relation  to  slope— Vonlmued. 


Grade. . 

(D) 

CE) 

Conditions  of  experiment ut  ion 

1.32 

0.66 

1.00 

1.32 

Q 

0.363 

0.734 

0.363 

0.734 

0.182  j    0.363 

0.734 

1.119 

0.363 

0.734 

1.119 

Parameters  ot  adjusting  equation • 

h'.'.'.'.'.'. 
n 

0.16 
80.1 
1.77 

0.11 

160.0 

1.65 

0.16 
33.8 
1.93 

0.11 
50.2 
1.73 

0.08 
17.0 
1.72 

0.06 
37.3 
1.70 

0.04 
76.5 
1.58 

0.03 

145.9 

1.58 

0.04 
38.8 
1.57 

0.03 
76.1 
1.50 

0.02 

126.1 

1.77 

S 

Values  of  /i. 

0.2 

.3 

2.60 
2.27 
2.11 

2.02 
1.95 
1.91 
1.88 
1.85 

1.81 



"2.'i6 
2.06 

1.99 
1.95 
1.92 
1.90 
1.88 

1.85 
1.83 
1.82 
1.81 
1.80 

1.79 
1.79 
1.78 
1.78 

2.43 
2.13 
2.00 
1.93 

1.89 
1.86 
1.84 
1.82 
1.81 

1.79 
1.78 
1.77 
1.76 
1.76 

1.75 
1.75 

1.98 
1.83 
1.76 
1.72 

1.69 
1.68 
1.67 
1.66 
1.65 

1.64 
1.63 
1.62 
1.62 
1.61 

1 

....... 

i.69 

1.67 
1.65 
1.64 
1.64 
1.63 

1.62 
1.62 
1.61 
1.61 
1.61 

1.61 
1.60 

1.68 
1.67 
1.66 
1.65 
1.64 

1.63 
1.62 
1.61 
1.61 
1.60 

"i.'59' 

1.57 
1.56 
1.55 
1.55 
1.54 

1.54 

.5 

2.60 

2.41 
2.29 
2.21 
2.15 
2.11 

2.04 
2.00 
1.97 
1.94 
1.92 





■■Z 

1.83 



1.82 

.9 

1.0 

"i'.m 

2.03 

1.99 

"i'.iY 

2.13 
2.10 
2.08 

........ 

1.81 
1.80 

1.8 

2.2 

2.4 

2.6 

2.8 





Grade.. 

(F) 

(G) 

0.66 

1.00 

1.32 

0.66 

^ 

« 

0.182 

0.363 

0.734 

0.182 

0.363       0.734 

1.119 

0.363 

0.734 

1.119 

0.363 

Parameters  of  adjusting  equation 

£;;; 

0.33 
12.02 
1.86 

0.21 
30.5 
1.69 

0.17 
52.2 
1.61 

0.44 

7.96 
2.31 

0.31 

28.2 
1.88 

0.22        0.17 
65.0       106.9 
1.61         1.60 

0.39 
30.3 
1.63 

0.28 
71.1 
1.73 

0.23 

126.4 

1.49 

0.50 
27.5 
1.74 

1 

■xl„oant 

2.57 
2.44 
2.35 
2.28 
2.23 

2.19 

2.16 
2.14 


1.83 
1.80 
1.78 


3.65 
3.38 
3.20 
3.07  1 
2.97 


2.  .54 
2.42 
2.33 
2.27 
2.23 

2.19 
2.16 
2.14 


2.35 
2.22 
2.13 


2.08 
2.0O 
1.94 
1.90 


2.42  ' 
2.27 
2.16 
2.08 
2.03  ' 


2.65 
2.50 
2.40 

2.25 
2.15 
2.09 


2.53 
2.41 
2.32 

2.25 
2.20 
2.16 
2.12 
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Table  15. —  Values  of  i^,  the  index  of  relative  variation  for  capacity  in  relation  to  slope — Continued. 


Grade. . 

(0) 

(H) 

Conditions  of  experimentation 

O.tifi 

1.00 

1.32 

0.66 

Q 

0.734 

1.119 

0.363 

0.734 

1.119 

0.363 

0.734 

1.119 

0.363 

0.734 

1.119 

Parameters  of  adjusted  equation <bi 

0.36 
64.5 
1.69 

0.28 
85.0 
1.78 

0.58 
23.6 
1.85 

0.41 
65.7 
1.70 

0.33 

115.5 

1.63 

0.71 
15.39 
2.37 

0.50 
62.3 
1.71 

0.40 

114.5 

1.54 

0.80 
19.38 
2.01 

0.56 
52.9 
1.72 

0.48 
75.1 

1.67 

S 

Values  of  ii. 

1 

. 



3.23 
2.89 
2.68 
2.54 
2.43 

2.29 
2.20 
2.14 
2.09 
2.05 

2.02 
2.00 
1.98 

3.63 
3.09 
2.78 
2.58 
2.44 

2.25 

2.14 
2.06 
2.00 
1.96 

1.92 
1.89 

3.49 
3.08 
2.82 
2.65 

2.42 

2.28 
2.19 
2.12 
2.07 

2.03 
1.99 
1.96 

3.57 
3.15 
2.90 
2.71 
2.60 

2.51 
2.43 
2.38 
2.33 
2.29 

4.U 

3.49 
3.12 

2.88 

2.58 
2.40 
2.29 
2.20 
2.14 

2.09 
2.05 
2.02 

3.6i 
3.09 
2.78 
2.57 

2.32 

2.16 
2.06 
1.99 
1.93 

1.89 
1.85 
1.83 

5.31 

3.67 

3.50 
3.36 
3.26 
3.18 
3.11 

3.05 
3.00 

4.58 
3.86 
3.43 

2.94 
2.64 
2.49 
2.38 
2.29 

2.22 
2.17 
2.12 
2.08 

6.03 
4.69 
4.02 
3.62 
3.35 

3.16 
3.01 
2.90 
2.81 

5.75 
4.56 
3.92 

3.23 

2.88 
2.65 
2.50 
2.40 

2.32 
2.25 
2.20 
2.16 
2.12 

2.09 

4.17 

3.58 

3.21 

2.78 

2.54 

2.38 

2.27 

2.20 

2.14 

2  4                                           

2.09 

2.05 

VARIATION    OF   THE    INDEX. 

Each  column  of  the  table  contains  a  set  of 
values  of  ij  which  pertain  to  the  same  grade, 
fineness,  width,  and  discharge  and  of  which  the 
changes  are  related  to  slope  only.  In  figure  31 
a  number  of  these  sets  are  plotted  in  relation  to 
slope.  The  curves  have  a  strong  family  hke- 
ness,  arising  from  the  fact  that  the  data  were 
all  adjusted  by  the  sigma  formula;  but  the 
Ukeness  would  not  altogether  disappear  if  the 
assumptions  of  that  formula  were  abandoned. 
The  general  relations  of  the  index  to  slope  are 
as  follows: 

(1)  It  varies  decreasingly  with  slope. 

(2)  Its  rate  of  change  is  greater  for  low 
slopes  than  for  high. 

The  upper  group  of  curves  all  pertain  to 
grade  (C)  and  width  1.00  foot,  but  represent 
different  discharges.  They  show  (3)  that  the 
rate  of  change  for  similar  slopes  is  greater  for 
small  discharges  than  for  large. 

The  second  group  of  curves  all  pertain  to 
grade  (C)  and  discharge  0.363  ft.Vsec,  but 
represent  different  widths.  They  show  (4) 
that  the  rate  of  change  for  similar  slopes  is 
greater  for  broad  channels  than  for  narrow,  or, 


as  the  depth  varies  inversely  with  the  width, 
that  the  rate  of  change  is  greater  for  shallow 
streams  than  for  deep. 

The  third  group  of  curves  all  pertain  to 
width  1.00  foot  and  discharge  0.363  ft.Vsec, 
but  represent  different  grades  of  debris.  They 
show  (5)  that  the  rate  of  change  is  greater  for 
coarse  debris  than  for  fine. 

In  the  third  group  the  curves  for  grades  (A), 
(B),  (C),  (D),  and  (E)  lie  close  together,  while 
those  for  the  coarser  grades  (F)  and  (G)  are 
well  separated.  This  is  probably  connected 
with  the  fact  that  the  range  of  fineness  grad- 
ually increases  from  (A)  to  (E)  and  then  drops 
abruptly  from  (E)  to  (F).  The  influence  of 
increasing  range  approximately  neutralizes 
that  of  decreasing  fineness,  and  the  inference 
is  (6)  that  the  rate  of  change  in  the  index  is 
greater  for  small  range  than  for  large. 

Consider  now  the  variations  of  the  index  in 
relation  to  width.  In  figure  32  (p.  106)  the 
ordinates,  as  before,  represent  values  of  i^  and 
the  abscissas  represent  width  of  channel.  The 
points  fixed  by  the  data  are  shown  by  the  dots. 

(7)  The  upper  group  of  curves  all  pertain  to 
grade  (C)  and  discharge  0.182  ft.Vsec,  but  rep- 
resent different  slopes.     Their  common  char- 
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acter  is  a  distinct  minimum.  From  tlie  neigh- 
borhood of  width  0.66  foot  there  is  increase  of 
i,  in  the  direction  of  greater  width,  and  also  in 
the  dii-ection  of  less  width. 

(8)  The  position  of  the  minimum  is  appar- 
ently the  same  for  low.  slopes  as  for  high. 


(9)  The  minimum  is  most  strongly  marked 
in  case  of  the  gentler  slopes. 

The  second  group  of  curves  all  pertam  to 
grade  (C)  and  a  slope  of  1.0  per  cent  but  differ 
iu  respect  to  discharge.  Each  of  them  shows 
a  minimum,   except   the  curve  for   discharge 


Slope 
Figure  31.— Variations  of  ii  in  relatii 


0.093  ft.Vsec,  which  has  but  two  fixed  pomts. 
They  show  also  that — 

(10)  The  position  of  the  minimum  is  related 
to  discharge.  For  large  discharges  it  is  asso- 
ciated with  relatively  large  widths,  for  smaller 
discharges  with  smaller  widths. 

(11)  The  minimum  is  more  pronounced,  or 
the  associated  rates  of  change  in  the  index  are 
higher  in  case  of  small  discharge  than  of  large- 


Various  analogies,  which  appear  in  another 
part  of  this  paper,  render  it  probable  that  all 
the  preceding  inferences  are  of  a  general  char- 
acter; but  those  in  regard  to  width  are  not  sus- 
tained by  all  the  data. 

The  curves  of  the  third  gi-oup  are  based  on 
observations  with  grade  (B)  and  are  drawn, 
like  those  of  the  first  group,  to  contrast  the 
relations  of  the  index   to  width  for  different 
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slopes.  With  the  gentler  slopes  they  give 
indications  of  a  minimum,  but  not  with  the 
steeper.  The  character  of  the  discrepancj'  is 
such  as  to  suggest  that  the  values  of  the  uidex 
computed  for  width  0.2.3  foot  vary  too  rapidly 
with  slope;  and  this  result  might  be  brought 
about  by  assignmg  too  large  a  value  to  a.  A 
critical  review  of  the  data,  however,  failed  to 
find  warrant  for  &\\y  material  change  in  that 
constant. 

It  is  believed  that  a  group  of  discrepancies 
which  this  instance  illustrates  are  connected 


with  the  history  of  the  experimental  work. 
The  first  grade  to  be  investigated  was  (B),  and 
the  methods  of  manipulation  were  subject  to 
various  minor  changes,  which  were  not  always 
recorded;  but  the  range  of  conditions  was  large. 
Grade  (C)  was  next  taken  up,  and  again  the 
range  of  conditions  was  large.  Other  grades 
followed,  with  less  elaborate  range  of  condi- 
tions; but  the  work  on  grade  (G)  was  somewhat 
expanded,  in  order  to  learn  the  influence  of 
coarser  debris  on  various  factors.  The  work 
on  (G)  also  had  the  advantage  of  the  fullest^ 


Grade  fC) 

q  '.lezstMec. 


Width 
Figure  32.— ^'a^iaIions  of  ii  in  relation  to  width  of  cltannel. 


development  of  experimental  method  as  well  as 
that  of  uniformity  of  method.  Because  of  this 
history  it  is  believed  that  the  results  for  grades 
(C)  and  (G)  are  of  higher  authority  than  those 
of  other  grades;  and  the  belief  is  strengthened 
by  the  general  symmetry  and  internal  con- 
sistency of  the  (C)  and  (G)  results.  The  infer- 
ences, given  in  preceding  paragraphs,  from 
data  of  grades  (C)  and  (G)  are  therefore  ac- 
cepted, and  the  discordance  of  data  for  grade 
(B),  while  not  specifically  explained,  is  ascribed 
in  a  general  way  to  unrecorded  differences  in 
laboratory  methods. 


The  curves  of  the  fourth  group  of  figure  32 
all  pertain  to  grade  (G)  and  discharge  0.734 
ft.Vsec.  but  differ  in  respect  to  slope.  Com- 
pared with  the  first  and  second  gioups  they  are 
seen  to  be  consistent  with  the  inference  as  to  a 
minimum  value  of  \,  but  the  minimum  falls 
outside  the  range  of  widths  for  which  data  were 
obtained.  With  grade  (C)  and  discharge  0.734 
ft.'/sec.  the  minimum  falls  between  widths  1 
foot  and  1.32  feet,  but  nearer  to  the  former. 
With  grade  (G)  and  the  same  discharge  it  ap- 
parently falls  with  some  width  less  than  0.66 
foot.     This  indicates  that — 
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(12)  The  position  of  the  minimum  is  related 
to  fineness.  For  the  finer  debris  it  is  associated 
with  relatively  great  width;  for  the  coarser, 
with  smaller  width. 

The  curves  of  the  fourth  group  support  the 
ninth  inference,  that  the  minimum  is  most 
strongly  marked  for  the  gentlest  slope. 


In  the  study  of  the  data  many  other  com- 
parisons of  the  influence  of  width  were  made, 
but  they  are  not  here  illustrated.  Their  chief 
service  was  in  indicating  the  comparative  value 
of  different  divisions  of  the  body  of  data.  The 
general  fact  brought  out — and  one  emphasized 
in  various  other  ways — is  that  the  measures  of 


.363 


.734 


.545 
Discharge 

Figure  33.— Variations  of  ii  in  relation  to  discharge. 


precision  derived  from  discrepancies  of  observa- 
tions within  a  single  series  by  no  means  cover 
the  whole  field.  The  discrepancies  discovered 
when  properties  of  different  series  are  compared 
are  quite  as  important  and  must  be  given  con- 
sideration in  connection  with  the  broader  gen- 
eralizations. 

Let  us  now  consider  the  relations  of  the  vary- 
ing value  of  ij  to  discharge.     These  are  illus- 


trated by  figure  33.  The  curves  of  the  upper 
group  all  pertain  to  grade  (C)  and  slope  1.0 
per  cent  but  differ  in  respect  to  width  of  chan- 
nel. Those  of  the  second  group  pertain  to 
grade  (C)  and  slope  1.8  per  cent;  those  of  the 
third  group  to  grade  (G)  and  slope  1.8  per  cent. 
The  general  fact  is  that — 

(13)  As  discharge  increases  the  value  of  ij  di- 
minishes.    There  are  three  exceptions,  of  which 
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two  do  not  exceed  the  computed  probable 
errors  of  the  data,  and  the  third  is  connected 
with  a  value  of  \  to  which  the  lowest  weight 
is  ascribed. 

(14)  The  rate  of  change  in  the  index  is 
greater  for  small  discharges  than  for  large. 

(15)  For  the  same  discharges  the  rate  of 
change  in  the  index  is  greater  for  Avide  chan- 
nels than  for  narrow,  and  is  therefore  greater 
for  shallow  streams  than  for  deep. 


Figure  34. — Variations  of  U  in  relation  to  fineness  of  d^ris. 

The  curves  of  the  lowest  group  all  pertain  to 
mdth  0.66  foot  and  slope  1.8  per  cent,  but 
differ  as  to  grade  of  debris.  They  indicate 
that— 

(16)  The  rate  of  change  in  the  index  is 
greater  for  coarse  debris  than  for  fine.  The 
pecuUarities  of  spacuig,  as  in  a  previous  in- 
stance, may  show  the  influence  of  the  factor  of 
range  in  fineness  within  the  several  grades. 

To  consider  now  the  relations  of  the  values 
of  ti  to  the  fineness  of  debris,  the  comparison  is 
made  with  linear  fineness — instead  of  bulk  fine- 
ness, as  in  discussing  a,  and  it  is  fomid  con- 
venient to  plot  the  logarithms  of  the  quantities 
instead  of  the  quantities  themselves.     In  figure 


34  the  curves  of  the  upper  group  are  derived 
from  experiments  conducted  with  a  trough 
width  of  0.66  foot,  and  each  one  pertains  to  a 
particular  combmation  of  slope  and  discharge. 
Those  of  the  second  group  are  derived  from  ex- 
periments with  a  trough  width  of  1  foot. 

(17)  In  the  main  they  show  decrease  of  i^ 
with  increase  of  fineness,  but  the  finer  grades 
give  the  opposite  indication.  The  data  are  not 
sufliciently  harmonious  to  determine  whether 
the  law  of  change  is  continuous  or  involves  a 
reversal.  If  it  is  continuous,  %  is  an  inverse 
fmiction  of  F. 

In  view  of  the  fact  that  the  double  variation 
of  i,  in  relation  to  width  is  a  comphcating  factor 
and  of  the  further  fact  that  that  variation  is 
less  pronoimced  with  high  slopes  than  with  low, 
two  curves  (the  lowest  group  of  fig.  34)  were 
constructed  from  data  pertaining  to  the  highest 
practicable  slope,  2.4  per  cent.  Each  curve 
belongs  to  a  particular  width  of  trough,  and 
each  is  a  composite  with  respect  to  discharge. 
Their  indication  is  practically  the  same  as  that 
of  the  other  groups.' 

The  character  of  the  material  has  not  seemed 
to  warrant  a  quantitative  discussion  of  the 
variations  of  the  index  of  variation,  and  a  sum- 
mary of  the  quahtative  discussion  is  neces- 
sarily limited  to  generalities.  The  index  of 
relative  variation  or  the  sensitiveness  of  capac- 
ity for  traction  to  change  of  slope  is  a  decreas- 
ing fimction  of  the  slope,  the  discharge,  the 
fineness  of  debris,  and  the  range  of  fineness 
and  is  a  minimum  fimction  of  width  of  channel. 

In  symbols, 

h=fi^,<i,  ^,  ^» (39) 

If  we  assume  tentatively  that  the  function  re- 
placmg  ii  in  the  exponent  is  the  product  of 
fimctions  of  the  individual  conditions — that  is, 
if  we  write 

ii  =  (/,(«))  (MQ))  (MF))  (f:,(H))  {f,w)) 

then  we  must  also  recognize  that  in /,(-§),/,  is 
itself  a  function  of  Q,  F,  H,  and  w,  that  fa  is  a 
fimction  of  F&nd  w,  and  that/v  is  a  fimction  of 

1  In  the  data  on  flume  traction  the  relation  of  capacity  to  fineness 
exhibits  pecuUarities  quite  analogous  to  those  here  found  in  the  relation 
of  i\  to  fineness.  The  capacity  is  larger  for  very  fine  and  very  coarse 
debris  than  for  intermediate  grades.  A  tentative  explanation  (see 
Chapter  XII)  connects  the  larger  capacity  for  fine  debris  with  a  transi- 
tion in  process  from  traction  to  suspension. 
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S,  Q,  and  F.  Parallel  complexities  would  also 
arise  if  attempt  were  made  to  formulate  the 
relations  by  means  of  such  an  expression  as 

^1  =/.(«)  +/u«?)  +un  +/.v(H)  +/v(«') 

The  sensitiveness  of  capacity  to  slope  appears 
to  be  a  function  of  the  conditions  jointly 
rather  than  severally. 

The  development  of  complexity  within  com- 
plexity suggests  that  the  actual  nature  of  the 
relation  is  too  involved  for  disentanglement  by 
empiric  methods,  but  that  conclusion  does  not 
necessarily  follow.  Just  as  a  highly  complex 
mathematical  expression  may  be  the  exact 
equivalent  of  a  fairly  simple  expression  of  a 
different  type,  so  a  physical  law  may  defy  for- 
mulation when  approached  in  a  certain  way 
yet  yield  readily  when  the  best  method  of 
approach  has  been  discovered. 

FORMI'LATION     WITH     CONSTANT     COEFFICIENT. 

For  the  relation  of  capacity  to  slope  the 
formula  equivalent  to  (34)  is 


r=  c,S' 


(40) 


in  which  the  constant  coefficient  c^  is  the  value 
of  capacity  when  S=l. 


From  equation  (10)  (p.  96), 

q  =  6,(l-^)" (41) 

Also  as  (10)  and  (40)  give  equivalent  expres- 
sions for  C,  we  may  equate  their  second  mem- 
bers: 

Substituting  the  value  of  c,  from  (41), 
&i(l-a)"^'''  =  &,(S-cr)'> 

and 


whence 


-m 


(42) 


.  _     log(^f-<T)-log(l-<r) 

^'-^ Ws  - 

By  means  of  this  formula  the  values  of  j\  in 
Table  16  were  computed.  These  values  have 
been  subjected  to  systematic  comparison  with 
the  associated  conditions  (S,  Q,  w,  etc.)  in  the 
same  manner  as  were  the  values  of  the  ex- 
ponent ij;  but  the  resxilts  of  the  comparison 
need  not  be  given  in  detail  because  they  are 
parallel  to  those  for  i^.  They  are  in  fact  iden- 
tical so  far  as  verbal  statement  is  concerned 
and  differ  only  in  quantitative  ways.  It  is 
true  in  the  main,  and  almost  without  excep- 
tion, that  the  variations  of  ji  are  less  rapid 
than  those  of  \;  and  their  average  range  is 
about  half  as  great. 


Table  16. —  ^'alues  of  j^.  in  C=c^S>',  the  coefficient  fi  being  a  constant. 


Grade.. 

(- 

0 

Conditions  of  experimentation 

0.66 

1.00 

1.32 

1.96 

Q 

0.093 

0.182 

0.545 

0.182 

0.363 

0.734 

0.182 

0.363 

0.734 

0.363 

0.734 

0.119 

15 

39.4 

142 

37.6 

100 

231 

36.5 

104 

252 

96.1 

242 

359 

S 

Values  oO'i. 

0.2 

1 

2.09 
1.86 
1.76 
1.72 
1.70 

1.68 
1.67 
1.66 
1.65 
1.65 

1.91 
1.68 
1.61 
1.57 
1.55 

1.54 

.4 

1.93 
1.88 
1.85 
1.83 

1.82 
1.81 
1.80 
1.80 

1.85 
1.82 
1.80 
1.79 

1.78 

2.32 
2.23 
2.17 

2.13 
2.10 
2.08 
2.06 
2.05 

2.04 

1.80 
1.75 
1.73 
1.71 

1.70 
1.68 

2.21 
2.03 
1.96 
1.90 

1.87 
1.84 
1.82 
1.81 
1.80 

1.39 

.6 

1.50 
1.49 
1.48 

1.47 

2.15 
2.10 
2.06 

2.04 
2.02 
2.01 
2.00 
1.99 

1.99 

1.35 

.8. 

2.06 
1.99 

1.95 
1.93 
1.91 
1.88 

1.33 

1.0 

1.31 

1.2 

2.36 
2.27 
2.20 
2.16 
2.12 

2.09 

1.6 

2.0 

2.2 
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Grade.. 

(B) 

renditions  of  experimentation 

w 

0.23 

0.44 

0.66 

1.00 

Q. 

0.093 

0.182 

0.093 

0.182 

0.093 

0.182 

0.363 

0.545 

0.182 

0.363 

0.545 

0.734 

7.8 

13.4 

13.3 

28.9 

1 

Cl. 

1 

S 

Values  otji. 

1.69 

l!53 
1.50 
1.49 

1.48 
1.47 
1.46 
1.46 
1.45 

2.00 
1.95 
1.92 

1.90 
1.88 
1.87 
1.86 
1.85 

1.84 
1.84 
1.83 
1.83 
1.82 

1.95 
1.78 
1.73 
1.70 
1.68 

1.66 
1.65 
1.64 
1.64 
1.64 

1.63 
1.63 

"'i.'64' 
1.62 

1.61 
1.61 
1.60 
1.60 
1.59 

1.59 

1.79 

1.96 
1.89 
1.85 
1.82 

1.81 
1.80 
1.79 
1.78 
1.77 

1.77 
1.76 
1.76 
1.75 
1.75 

1.75 
1.75 
1.74 
1.74 
1.74 

1.74 

■   'i.63' 
1.60 
1.58 

1.56 
1.55 
1.54 
1.54 
1.53 

1.68 

1.88 
1.84 
1.81 

1.79 
1.78 
1.77 
1.77 

'"2.' 47' 
2.34 

2.26 
2.20 
2.16 
2.13 
2.10 

2.08 
2.06 
2.04 
2.03 
2.02 

1.64 

4.67 
3.10 

2.60 
2.34 
2.18 
2.05 
1.96 

1.89 

3.09 
2.49 

2.21 
2.05 
1.94 
1.86 

2.63 
2.31 

2.16 
2.02 
1.94 
1.88 
1.83 

1.79 
1.76 
1.73 

1.62 

1.61 

1.61 

1.60 

1.59 

1.59 

. 

Grade. . 

(B)                                                                                     (C) 

Conditions  of  experimentation w 

1.32 

1.96 

0.44 

0.66 

Q 

0.182 

a363 

a545 

0.734 

0.363 

0.545 

0.734 

1.119 

0.093       0.182 

0.093         0.182 

29.2 

79.3 

140 

205 

67.8 

120 

189 

312 

10.9 

24.7 

13.8 

32.3 

1 

1 

s 

Values  of  ji. 

0.2 

1.96 
1.69 
1.65 
1.62 
1.60 

1.58 

2.26 
2.08 
2.00 
1.94 

1.92 
1.89 
1.87 
1.85 
1.S4 

1.83 

1.82 
1.82 

1.92 
1.82 
1.78 
1.75 

1.72 
1.71 
1.70 
1.69 
1.68 

1.68 

1.79 
1.75 
1.73 

1.71 
1.70 
1.69 
1.68 

1.81 
1.76 
1.73 
1.71 

1.69 
1.68 
1.67 
1.67 

2.  .36 
2.16 
2.06 
2.01 

1.97 
1.94 
1.92 
1.90 
1.89 

1.88 

1.98 
1.91 
1.87 

1.84 
1.82 
l.Sl 
1.80 

1.82 
1.74 
1.-0 
1.66 

1.64 
1.63 
1.62 
1.61 
1.61 

1.88 

3.08 
2.60 
2.39 

2.26 
2.17 
2.11 
2.06 
2.03 

1.99 

2.05 
1.95 
1.88 

1.83 
1.80 

i.'ik 

1.75 
1.74 

2.00 
1.93 
1.88 

1.85 
1.83 
1.81 
1.80 
1.79 

1.78 
1.77 
1.76 
1.76 
1.75 

1.75 
1.75 
1.74 
1.74 
1.74 

1.73 

.8             

1.76 

1.0 

1.73 

1.2..                  

1.71 

1.4 

1.6 

1.69 

1.8 

2.0 

2.2 

1.67 

2.4 

1.66 

2.6 

2.8 

1.66 

3.0 

1.65 

3.2 

i 

1.65 

3.4 

1.65 

3.6 

1 

3.8 

1.64 

4.0 

4.2 

1 

j 
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Grade.. 

(C) 

Conditions  of  experimentation w 

0.66 

1.00 

1.32 

« 

0.363 

a545 

0.734 

0.182 

0.363 

0.545 

0.734 

1.119 

0.182 

0.363 

0.545 

0.734 

73.4 

112 

153 

31.2 

84.9 

140 

181 

277 

21.3 

78.4 

130 

184 

S 

Values  of  ji. 

02                                  

1.76 
1.65 
1.61 
1.59 
1.58 

1.57 
1.56 
1.56 
1.55 

1.55 

1.55 

2.03 
1.73 
1.66 
1.62 
L59 

1.57 
1.56 
1.55 
1.54 
1.53 

1.53 
1.52 
1.52 
1.51 

1.51 
1.49 
1.47 

1.46 
1.45 
1.44 
1.43 
1.42 

1.42 

1.65 
1.53 
1.49 
1.47 
1.45 

1.44 
1.43 
1.43 
1.42 
1.42 

1.42 

1.86 

1.68 
1.63 
1.61 
L59 

1.58 
1.57 
1.56 
1.55 
1.55 

1.54 
L54 
1.54 

1.58 
1.58 
1.57 

2.12 
1.98 
1.91 
1.87 

1.84 
I.  82 
1.80 
1.79 
1.78 

1.77 
1.76 
1.76 
1.75 

1.55 
1.51 
1.49 

1.48 

1.47 
1.47 

'""i'ei' 

2.46 
2.37 

2.32 
2.28 
2.25 
2.23 
2.21 

2.19 
2.17 

L92 
1.78 
1.71 
1.67 

1.64 
1.62 
1.60 
1.59 
1.58 

1.57 
1.56 

1.62 
1.58 
1.55 

1.53 
1.51 
1.50 
1.49 
1.49 

1.48 
1.47 

1.60 

.6  .                     

1.54 

1.49 

1.47 

1. 2 

1.45 

1.44 

1.43 

1.8 

1.42 

2.0                                      

1.42 

2.2                              

1.41 

2.4                                                          

2  8                                          



Grade.. 

(C) 

(D) 

Conditions  of  experimental  ion w 

1.96 

0.60 

1.00 

Q 

0.363 

0.545 

0.734 

1.119 

0.093         0.182 

0.545 

0.182 

0.363 

0.545 

0.734 

59.8 

111 

191 

345 

9. 1            29. 5 

102 

24.0 

72.5 

108 

154 

s 

Valuer  of;,. 

1.91 
1.74 
1.69 
1.66 
1.64 

1.63 
1.62 
1.61 
1.61 
1.60 

1.60 

1.88 
1.73 
1.66 
1.62 

1.60 
1.58 
1.56 

2.02 
1.90 
1.81 
1.80 

1.78 
1.76 
1.74 
1.73 
1.72 

1.71 
1.71 
1.70 

1.84 
1.77 
1.72 
1.69 

1.67 
1.65 
1.64 
1.63 
1.63 

1.62 
1.61 

"""i."94' 
1.90 

1.87 

1.85 
1.84 
1.84 
1.83 
1.82 

1.82 

1.  75 

2.38 
2.22 
2.14 

2.08 
2.04 
2.01 
1.99 
1.97 

1.95 

2.03 
1.94 
1.87 

1.83 
1.80 
1.78 
1.76 
1.75 

1.74 

1.95 
1.89 
1.85 

1.82 

2.41 
2.29 
2.22 

2.18 
2.15 
2.12 
2.10 
2.09 

2.08 
2.07 

2.oa 

.8 

2.06 
2.01 

1.98 
1.95 
1.93 
1.91 
1.90 

1.89 

1.88 
1.87 
1.87 

1.67 

1.2 

1.64 

16                                                        

■ 

1.63 

1.62 

2.0                                                  ..   

2. 2                                 

2  4 

2.8                                                



Grade.. 

(D) 

(E) 

Conditions  of  expcrimentat  ion |  «' 

1.32 

0.66 

1.00 

1.32 

Q 

0.373 

0.734 

0.363 

0.734 

0.182 

0.363 

0.734 

1.119 

a  363 

0.734 

1.119 

58.9 

132 

24.8 

40.1 

U.7 

33.6 

71.5 

139 

36.4 

72.6 

122 

s 

Values  of  J). 

2.03 
1.S9 
1.85 
1.82 
1.81 

l.SO 
1.79 
1.79 
l.TS 
1.  7S 

1.77 
1.77 

1.76 
1.70 
1.68 
1.66 
1.65 

1.64 
1.64 
1.63 
1.63 
1.63 

2.02 
1.93 
1.88 
1.85 

1.83 

1.99 
1.94 
1.98 
1.88 

1.86 
1.85 
1.85 
1.84 
1.84 

1.83 
1.83 
1.S2 
1.82 

2.25 
2.16 
2.11 

2.07 
2.05 
2.03 
2.02 
2.01 

1.65 
1.64 
1.63 

1.63 
1.62 
1.62 
1.62 
1.62 

1.62 
1.62 

1.66 
1.65 
1.64 

1.63 
1.62 
1.62 
1.62 
1.62 

1.56 
1.55 
1.54 

1.54 

1.82 

.8                                        

1.81 

1.0 

2.09 

2.06 
2.03 

2.17 

2.15 
2.13 
2.12 

1.81 

1.2 

1.80 

1.8 

2.4 

2.6 

2.8 

::::::::::;:;:::;::;::;;:; 

1 
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Conditions  of  experimen  tat  ion 

Grade. . 

(F) 

(G) 

0.66 

1.00 

1.32 

0.66 

Q. 

0.182 

0.363 

0.734 

0.182 

0.363 

0.734 

1.119 

0.363 

0.734 

1.119 

0.363 

5.7 

20.4 

38.7 

2.1 

13.9 

43.6 

79.6 

13.5 

40.3 

86.5 

8.3 

S 

"Values  of  ji. 

2.85 
2.73 

2.65 
2.58 
2.52 
2.48 
2.45 

2.42 
2.39 
2.37 

2.14 
2.06 

2.02 
1.98 
1.95 
1.94 

1.95 
1.90 

1.87 
1.84 
1.82 
1.81 

2.52 
2.40 

2.32 
2.27 
2.22 

2.01 
1.94 

1.88 
1.85 
1.83 
1.80 

2.14 

2.08 
2.05 
2.03 
2.01 
1.99 

1.94 

1.91 

1.88 
1.86 
1.85 

3.48 

1.2 

2.67 
2.60 
1.53 
2.47 
2.43 

2.41 
2.39 
2.38 

3.87 
3.71 
3.59 
3.50 
3.43 

3.36 
3.31 
3.27 

2.54 
2.45 
2.38 
2.33 
2.29 

2.26 

3.21 

3.04 

1.6 

2.91 

1.8 

2.82 

2.76 

2.2 

2.70 

2.65 

2.58 

2.55 

Grade. . 

(G) 

(H) 

Conditions  of  experimentation 

0.66 

1.00 

1.32 

0.66 

Q 

0.734 

1.119 

0.363 

0.734 

1.119 

0.363 

0.734 

1.119 

0.363 

0.734 

1.119 

30.3 

4S.6 

4.8 

26.8 

60.1 

0.82 

19.0 

52.0 

0.76 

12.8 

S 

Values  of ;i. 

0.2 

.4 

.6 

2.77 
2.55 
2.43 

2.36 
2.31 
2.27 
2.24 
2.21 

2.19 
2.17 
2.16 

2.91 
2.60 
2.44 

2.34 
2.27 
2.22 
2.18 
2.15 

2.12 
2.10 

.8 

2.85 
2.65 

2.53 
2.45 
2.38 
2.34 
2.30 

2.27 
2.24 
2.22 

3.15 
2.88 

2.72 
2.61 
2.63 
2.48 
2.43 

2.39 
2.36 
2.34 

3.93 
3.43 

3.22 
3.00 
2.88 
2.79 
2.72 

2.66 
2.61 
2.57 
2.54 

2.81 
2.57 

2.44 
2.35 
2.27 
2.23 
2.19 

2.15 
2.12 
2.10 

7.65 
6.57 
6.93 
5.50 
5.20 

4.96 
4.77 
4.63 
4.49 

4.6S 
3.92 

3.54 
3.31 
3.15 
3.04 
2.95 

2.88 
2.82 
2.76 
2.72 
2.69 
2.66 

1.0 

3.21 

1.2 

3.94 
3.67 
3.48 
3.35 
3.25 

3.16 
3.10 
3.04 
2.99 
2.94 

2.98 

1.4 

1.6 

2.75 

1.8 

5.34 
5.10 

4.92 

4.77 
4.65 
4.55 
4.45 
4.38 
4.32 

2.0 

2.2 

2.4 

2.49 

2.6 

2.8 

3.0 

3.2 

3.4 

The  greatest  contrast  between  the  rates  of 
variation  of  the  two  exponents  i.s  found  when 
relations  to  slope  are  considered,  the  least 
when'  relations  to  fineness  are  considered. 

The  variations  of  the  two  exponents  with 
respect  to  slope  are  illustrated  by  figure  35.  In 
the  example  from  wliich  the  curves  in  tliis 
figure  were  computed  the  range  of  variation, 
within  the  experimental  Umits,  is  considerably 
above  the  average,  but  the  example  is  otherwise 
typical.  The  rate  of  change  is  everywhere 
smaller  for  j^  than  for  i^,  and  the  total  change, 
or  range  of  variation,  is  therefore  smaller.  This 
relation  prevails  throughout  the  range  of  slopes 
covered  by  the  experiments  but  would  not  be 


found  to  hold  for  slopes  far  outside  of  that 
range.  The  average  range  of  /j,  for  the  investi- 
gated cases,  falls  between  one-half  and  one- 
tliird  of  the  average  range  of  i,. 

It  thus  appears  that  a  modification  of  the 
plan  of  formulation  which  dispenses  with  varia- 
tion in  the  coefficient  and  thereby  concentrates 
all  expression  of  variation  in  the  other  param- 
eter, the  exponent,  tends  also  to  diminish  di- 
versity in  that  parameter. 

EFFECT  OF  CHANGING  THE  UNIT  OF  SLOPE. 

The  values  of  /,  are  functions  not  only  of  the 
conditions  of  experimentation  and  of  the  con- 
stant slope  a  but  also  of  the  unit  used  for  the 
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measurement  of  slope.  (See  p.  99.)  In  the 
term  log  (1  —a),  which  enters  into  the  value  of 
ji  (equation  42),  1  is  the  unit  of  slope;  and  the 
relative  magnitude  of  1  and  a  changes  as  the 
imit  changes.  Other  terms  of  the  formula  are 
also  (impUcitly)  functions  of  the  unit,  but  the 
various  influences  are  not  compensatory,  and 
the  resultant  is  of  such  nature  that  the  values 
of  /,  vary  inversely  with  the  magnitude  of  the 
unit.  It  ^\^1I  be  recalled  that  in  the  notation  of 
this  paper  the  symbol  S  pertains  to  the  unit 

j^-~ i-100,  and  the  symbol  s  to  the  unit 

distance  '  -' 

•T^"^ The  curve  marked  /,  in  figure  35  rep- 
resents values  of  the  exponent  computed  with 
use  of  the  smaller  unit,  and  the  curve  marked 
Z;  represents  a  coordinate  system  of  values  com- 


1 

1 

V-- 

L 

-~~-— 

h 

*jV 

Slope 

Figure  35.— Variations  of  exponents  ii,  ;'i,  and  it,  in  relation  to  slope. 
The  scale  of  slope  is  in  per  cent. 

puted  with  use  oi  the  larger  unit.  The  latter 
curve,  produced,  would  intersect  the  curve  of  i, 
at  a  point  corresponding  to  s=  1  or  S=  100. 

It  would  be  possible,  by  employing  the  larger 
unit  in  the  notation  for  slope,  to  construct  a 
table  equivalent  to  Table  16  in  wliich  the  values 
of  j^  would  all  be  smaller  and  would  have  in  each 
series  less  range.  For  many  of  the  series  they 
would  approach  closely  the  associated  values  of 
n.  This  reduction  of  exponents  would  be  ac- 
companied by  an  enormous  increase  in  the 
values  of  coefficients,  each  value  of  c^  in  the 
table  being  magnified  by  the  factor  100".  The 
increase  would  result  from  the  fact  that  Cj  is  the 
capacity  corresponding  to  unit  slope,  while  the 
unit  slope  in  that  case  would  be  45°.  Con- 
sidered as  capacities,  the  values  of  Cj  would  be 
in  a  sense  fictitious,  because  the  laws  of  trac- 
tion wifh  which  we  are  dealing  do  not  apply 
(see  p.  63)  to  so  lugh  a  slope  as  45°. 
20921°— No.  so— 14 8 


To  recur  for  a  moment  to  the  general  account 
of  the  index  of  relative  variation,  it  will  be 
recalled  that  the  index  was  shown  to  be  inde- 
pendent of  the  units  of  the  observational  quan- 
tities.    In  this  particular  instance  the  value  of 

e 
the  index,  n^ ,  has  two  factors,  of  which  the 

O  — (7 

first  is  an  abstract  number  and  the  second  is  a 
ratio  between  slopes  and  is  independent  of  the 
unit  of  slope.  The  ordinates  of  the  curve 
marked  ij  in  figure  35  are  therefore  independent 
of  the  slope  unit,  and  the  curve  is  a  fact  of  ob- 
servation, plus  the  assumptions  of  the  formula 
of  adjustment. 

PRECISION. 

Because  the  values  of  i^  were  computed  from 
values  of  n  and  a,  their  precisions  are  involved 
with  those  of  n  and  a,  but  the  relation  is  not 
simple.  The  precision  of  n  depends  partly  on 
the  harmony  of  the  observations  of  load  and 
slope  and  partly  on  the  precision  of  a.  It  is 
not  feasible  to  measure  the  precision  of  a  for 
individual  series  of  observations,  and  the  pre- 
cisions of  individual  values  of  n  and  %  are 
therefore  indeterminate.  All  that  has  been  at- 
tempted is  to  derive  a  rough  estimate  of  average 
precision  from  average  values  of  the  quantities 
involved.  The  estimated  average  probable 
error  of  values  of  n  is  3.9  per  cent,  and  the  cor- 
responding estimate  for  values  of  i^  is  4.6  per 
cent. 

The  precision  of  ij  varies  with  slope  within 
each  series  represented  by  a  column  in  Table 
15,  being  relatively  high  for  the  steeper  slopes. 
The  probable  error,  if  measured  in  the  same 
unit  with  i^,  is  much  larger  for  gentle  slopes 
than  for  steep;  if  measured  in  percentage,  it  is 
somewhat  larger  for  the  gentler  slopes.  Meas- 
ured in  percentage,  its  value  for  the  steeper 
slopes  approximates  the  corresponding  prob- 
able error  of  n. 

EVIDENCE      FROM     EXPERIMENTS      WITH      MIXED 
D^.BRIS. 

The  observations  on  capacity  and  slope  when 
the  debris  transported  consisted  of  a  mixture 
of  two  or  more  grades  were  reduced  in  the  same 
general  manner  as  those  for  single  grades.  It 
was  not  thought  advisable  to  make  any  adjust- 
ment of  the  values  of  a,  but  each  logarithmic 
plot  was  treated  independently.  For  about 
one-third    of    the    mixtures    the    best    value 
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appeared  to  be  zero.  For  another  it  fell  between 
the  values  wliich  had  been  assigned  to  the  finer 
and  coarser  components  of  the  mixture.  For 
the  remaining  third  it  exceeded  the  values  asso- 
ciated with  the  components.  When  the  load 
was  a  mixture  of  many  grades  combined  in  ap- 
proximately natural  proportions,  and  also  when 
it  consisted  of  unsorted  debris  from  a  river  bed, 


the  values  of  a  were  small  and  for  the  most  part 
zero. 

These  features  were  scrutinized  with  special 
interest  because  the  properties  of  grade  (E) 
had  suggested  that  great  range  of  fineness 
might  determine  very  low  values  of  a.  On  the 
whole,  the  data  from  mixtures  favor  that  view, 
but  their  support  is  by  no  means  unanimous. 


Table  17. —  Values  of  i^Jor  mixtures  of  two  or  more  grades  ofdSbris. 


(Grade..   (AiCi) 

Conditions  of  experimentation \w 1. 00 

[Q 0.363 

(AaCi) 
1.00 
0.363 

(AjGi) 
1.00 
0.363 

(A,G,)  :  (A.Gj) 
1.00    1     1.00 
0.363      0.363 

(A,G,) 
1.00 
0.363 

(B,FO 
1.00 
0.363 

(BjF,)     (B,F,) 
1.00         1.00 
0.363       0.363 

(B,F,)     (B,F,) 

1.00      1.00 

0.363      0.363 

(C,E,) 
1.00 
0.363 

Parameters  of  interpolation  equation. .  ..j^' " ;    I'og  ■ 

0.30 
1.38 

0.20 
1.53 

0       '       0 
1.98         2.09 

0 
2.21 

0.25 
1.08 

0.25 
0.96 

0.50 
1.51 

0.50 
1.69 

0.50 
1.60 

0.30 
1.10 

s 

Values  ofii 

'                 1                 1 

.6                                                   

1.82 
1.55 
1.42 

1.34 
1.30 
1.26 

2.76 
2.21 
1.97 

1.84 
1.76 
1.70 

2.30 
2.05 
1.92 

1.84 
1.79 

1.98 
1.98 
1.98 

1.98 
1.98 
1.98 

1.85 
1.57 
1.44 

1.36 
1.31 

1.64 
1.39 
1.28 

1.21 
1.17 
1.14 

4.02 
3.02 

2.59 
2.35 
2.19 
2.09 

1.0                              .                

2.09 

2.09 
2.09 
2.09 

2.21 

2.21 
2.21 
2.21 
2.21 
2.21 

3.17 

2.72 
2.47 
2.31 

3.20 

2.75 
2.49 
2.33 

1.2 

1.4 1 

1.6                      

1.40 

1.8 

2.0 

1               1 

1     ■     " 

1 

(Grade.. 
Conditions  of  experimentation iw 

\q 

(C,E,) 
1.00 
0.182 

(C,E,) 
1.00 
0.363 

(C,Ei) 
1.00 
0.182 

(C,E,) 
1.00 
0.363 

(CEO 
1.00 
0.182 

(CE,) 
1.00 
0.363 

(C.E,) 
1.00 
0.182 

(C,E,) 
1.00 
0.363 

(C,GO 
1.00 
0.363 

(CiGi) 
1.00 
0.363 

(C,G,) 
1.00 
0.363 

Parameters  of  interpolation  equation    -  -{^' ' 

0 
1.78 

0.30 
1.13 

0 
1.60 

0.40 
1.12 

0.20 
1.40 

0.30 
1.25 

0        1      0.30 
1.55           1.33 

0 

1.97 

0.30 
1.24 

0.50 
1.13 

S 

Values  of  /i. 

0. 4 

1 

.6 

2.26 
1.81 
1.62 

1.51 
1.44 
1.39 
1.36 

1.97 
1.97 
1.97 

1.97 
1.97 
1.97 
1.97 

2.49 
1.99 
1.78 

1.66 
1.58 
1.53 
1.49 

.8 

2.23 

1.86 

1.68 
1.56 
1.49 
1.44 
1.40 

2.02 
1.79 

1.67 
1.60 
1.54 
1.51 
1.48 

1.45 

1.55 
1.55 

1.55 
1.55 
1.55 
1.55 
1.55 

1.55 

1.0 

1.60 

1.60 
1.60 
1.60 
1.60 
1.60 

1.60 

1.75 

1.68 
1.63 
1.60 

1.57 
1.55 

1.54 

1.90 

1.77 
1.69 
1.63 
1.59 
1.56 

1.2 

1.4             

1.78 
1.78 
1.78 

1.78 

l.g 

2.0 

2.2 

1  Grade.. 
Conditions  of  experimental  ion i 

(C.Gs) 

1. 00 
0.363 

(EiGi) 

1.00 
0.363 

(EjG,) 

1.00 
0.363 

(EiGi) 

1.00 
0.363 

(E,G,) 

1.00 
0.363 

(AiCiGj) 

1.00 
0.363 

(CDEFG)                      Natural. 

1.00 
1.82 

1.00 
0.363 

1.00         1.00 
0.545       0.182 

1.00 
0.363 

0.60 
1.47 

0 

1.87 

0.30 
1.90 

0.40 

1.28 

0 
2.03 

0.48 
1.67 

0 
1.63 

0 
1.48 

0           0.30 
1.22         1.43 

0 

1.84 

s 

Values  of  ii. 

0.4 .tv;.... 

.6 ■ v. 

1.87 

1.87 
1.87 

1.87 
1.87 
1.87 
1.87 

1.22 
1.22 
1.22 

1.22 
1.22 
1.22 
1.22 

"'2.'29' 
2.04 

1.90 
1.82 
1.76 
1.72 
1.68 

1.65 
1.63 
1.62 

.8 

3.04 
2.71 

2.53 
2.42 
2.34 

2.56 
2.13 

1.92 
1.79 
1.70 
1.64 

4.19 
3.22 

2.79 

2.55 

•       2.39 

2.28 

1.63 
1.63 

1.63 
1.63 
1.63 
1.63 

1.48 
1.48 

1.48 
1.48 
1.48 
1.48 

1.0 i.. 

1.2 

3.68 

2.94 
2.58 
2.36 
2.21 

2.03 

2.03 
2.03 
2.03 
2.03 
2.03 

1.84 

1.4 

1.8 

2.0 ,... 

2.4 , 

2.6 

2.8 
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The  adjusted  values  of  capacity  may  be 
found  in  Table  12,  together  with  a  variety  of 
other  data.  The  values  of  i,  are  contained  in 
Table  17,  having  been  computed  for  the  range 
of  slopes  covered  by  the  observations.  In 
order  to  compare  these  with  the  indexes  of 
relative  variation  for  the  single  grades  from 
which  the  mixtures  were  made,  Table  18  has 
been  prepared,  containing  indexes  correspond- 
ing to  the  uniform  slope  of  1.2  per  cent.     An 


analysis  of  tliis  table  shows  that  3  mixtm-es 
are  more  sensitive  to  variation  of  slope  than 
are  components,  13  are  less  sensitive,  and  18 
show  sensitiveness  of  intermediate  rank.  A 
general  average  shows  the  mixtures  1 1  per  cent 
less  sensitive  than  the  (means  of)  components, 
but  the  contrast  is  much  more  pronounced  for 
natural  river  debris  and  for  the  most  complex 
artificial  combination  than  for  the  simpler 
mixtures. 


Table  18. — Comparison  of  values  ofi^Jor  mixtures  and  their  eomponents. 
[S=1.2;  w-1.00.1 


Component  grades. 

<2 

Value  of  i\  when  ratio  of  finer  to  coarser  is — 

Finer. 

Coarser. 

1:0 

4:  1 

2:1 

I  :  1 

1:2 

1:4       i       0:1 

(C)                   

0.363 

.363 

.363 

.182 

.363 

.363 

.363 

.363 

f         .182 

.363 

.545 

/         .182 

\         .363 

1.81 
1.81 
1.65 
1.81 
1.55 
1.55 
1.79 
1.34 
1.81 
1.55 
1.44 
2.02 
1.81 

1.34 

0  1.98 

2.59 

OI.60 

1.68 

1.93 

1,92 

2.79 

0  1.63 

0  1.48 

01.22 

1.90 

"1.84 

1.55 

(G) 

i.84 
1.36 

1.84 
1.21 
0  1.78 
1.51 
1.66 
2.53 

0  2.09 
2.72 
1.68 
1.67 
2.94 

O2.03 

0  2.21 

2.75 

ol.So 

3.57 

(F) 

2.54 

Je)....: 

1.85 

(E) 

1.47 
0  1.97 
"1.87 

1.77               1.79 

\g)              

3.57 

3.57 

(Ci                         

3.57 

Mixture  of  (C),(D),  (E),  (F), 

3.57 

3.65 

Natural  combination  ranging  in  fineness  from  (A)  to  (F) 

2.54 

o  For  these,  ir=0  and  i\=n. 


The  general  tenor  of  the  evidence  from  mix- 
tures is  to  show  that  in  passing  from  the  labora- 
tory conditions  (with  graded  debris)  to  natural 
conditions  it  will  be  proper  to  reduce  the  esti- 
mates of  the  sensitiveness  of  capacity  to  changes 
of  slope. 

RELATION  OP  INDEX  TO  MODE  OF  TR.\CTION. 

One  of  the  possible  ways  of  bridging  the 
chasm  between  laboratory  conditions  and  river 
conditions  is  through  the  consideration  of 
modes  of  traction.  River  discharges  are  enor- 
mously greater  than  the  experimental,  river 
slopes  are  relatively  minute,  and  river  channel 
sections  are  very  dissimilar  in  form  and  pro- 
portions, but  the  three  modes  of  traction  have 
the  same  sequence  in  rivers  as  in  the  labora- 
tory troughs.  This  consideration  has  led  to  the 
separation  of  certain  data  connected  with  a  sm- 
gle  mode  of  traction — the  one  characterized  by 
smooth  surfaces  of  water  and  debris.  Table  19 
contains  values  of  the  uidex  of  relative  varia- 
tion, ■!„  associated  with  smooth  traction  and 
gi'ouped  with  reference  to  various  conditions. 
In  the  upper  division  of  the  table  all  the  values 
pertain  to  the  same  grade  of  debris  (C)  and 


are  arranged  according  to  discharges  and  chan- 
nel widths;  in  the  lower  division  all  pertain  to 
the  same  width  of  channel  and  are  arranged  ac- 
cording to  discharges  and  grades  of  debris. 

Table  19. —  Values  of  ii  associated  with  the  smooth  mode  of 
traetioii. 

1.  Values  pertaining  to  the  same  grade  of  debris,  (C). 


Width 
(feet). 

Value  of  ii  for  discharge  (ft.3/sec.)  of — 

0.093 

0.182 

0.363 

0.545 

0.734 

1.119 

0.44 
.66 
1.00 
1.32 
1.96 

2.15 
1.79 

1.88 
1.70 
1.81 
2.20 

1 

1.59 
1.59 
1.61 
1.96 

1.59 
1.48 
1.55 
1.79 

1.58 
1.48 
1.51 
1.62 

"i.93" 

II.  Values  pertaining  to  the  same  width  of  channel,  0.66  feet. 


Grade. 

Value  of  ii  for  discharge  (ft.'/sec.)  of— 

0.093 

0.182 

0.363    1      0.545 

0.734 

1.119 

(B) 
(C) 
(D) 

(eS 

<8> 
(H) 

2.09 
1.79 
2.01 

1.82 
1.70 
1.72 
1.99 

1.61 
1.59 

1.54 
1.59 
1.64 

1.58      

2.13 
2.41 
3.35 

2.19 
2.65 

2.20 
2.54 
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Inspection  of  the  table  shows  that  under 
this  special  condition  the  index  (1)  varies  in- 
versely with  discharge,  (2)  varies  inversely 
with  fineness,  and  (3)  varies  both  inversely 
and  directly  with  width.  In  all  these  respects 
the  variations  are  similar  to  those  noted  when 
the  constant  condition  is  slope,  but  the  rates  of 
variation  are  not  the  same.  To  illustrate  the 
differences  in  rate  I  introduce  Table  20,  in 
which  data  of  Table  19  are  compared,  in  par- 
allel columns,  with  similar  data  (from  Table 
15)  conditioned  by  constant  slope.  The  same 
data  are  also  presented  graphically  and  with 
some  generahzation  in  figure  36.  On  giving 
attention  to  the  fii-st  division  of  the  table  and 
to  the  upper  diagi'am,  it  will  be  seen  that  the 
variation  of  the  index  vnih  discharge  is  some- 
what less  when  the  constant  factor  is  mode  of 
traction  than  when  it  is  slope.  The  second 
division  and  second  diagram  show  that  the 
variation  with  fineness  is  also  less  for  constant 
mode  of  traction.  The  third  division  and 
diagram  indicate  that  the  variation  with  width 
of  channel  is  of  the  same  order  of  magnitude  in 
the  two  cases,  but  that  for  constant  mode  of 
traction  the  minimum  value  of  the  index  is 
associated  with  greater  width. 


The  comparison  does  not  indicate  that  the 
condition    of    uniform    mode    of    traction    is 


Figure  36. — \'ariations  of  ii  under  condition  of  uniform  mode  of  trac- 
tion (  T,  T,  T),  and  under  condition  of  uniform  slope  (S,  S,  S).  Ver- 
tical distances  represent  ii,  with  a  common  scale  but  different  zeros. 
Horizontal  distances  represent,  for  the  upper  pair  of  ciirves,  discharge; 
for  the  second  pair,  logarithms  of  fineness;  for  the  lower  pair,  width  of 
channel:  the  values  increasing  from  left  to  right. 

greatly  to  be  preferred  to  that  of  uniform  slope 
as  a  basis  for  the  extension  of  laboratory  gen- 
eralizations to  large  natural  streams. 


Table  20. — Relations  ofi^  to  discharge,  dibris  grade,  and  channel  vidth.  vhen  conditioned  (1)  hy  a  constant  mode  of  traction 

and  (2)  by  a  constant  slope. 


Grade,  (C) 
IC,  0.66  foot. 

w,  0.66  foot. 
Q,  0.363  ft.=/sec. 

Grade,  (C) 

Q,  0.182  ft.=/sec. 

Q 

Values  of  ii  with — 

Grade. 

Values  of  ii  with— 

u- 

Values  of  h  with — 

Smooth 
traction. 

Constant 
slope  1.0 
per  cent. 

Smooth 
traction. 

Constant 
slope  1.4 
per  cent. 

Smooth    Constat 

0.093 
.182 
.363 
.545 
.734 

1.79 
1.70 
1.59 
1.59 
1.58 

1.87 
1.73 
1.59 
1.58 
1.57 

(H) 

1.61 
1.59 
2.13 
2.41 
3.35 

1.54 
1.55 
1.99 
2.71 
4.69 

0.44 
.66 
1.00 
1.32 

1.88 
1.70 
1.81 
2.20 

1.81 
1.70 
1.81 
2.27 

1 

IN  CHANNELS  OF  SIMILAR  SECTION. 

THE    CONDITIONS. 

It  win  be  shown  in  the  following  chapter  that 
one  of  the  important  conditions  affecting  capac- 
ity is  the  relation  of  stream  depth  to  stream 
width,  or  the  form  ratio  R.  The  matter  has,  in 
fact,  already  received  some  attention  in  con- 
nection with  the  variation  of  a.  Now,  in  each 
observational  series  the  width  is  constant  while 
the  depth  varies,  so  that  the  form  ratio  is  a 
variable.     Its  variations  accompany  and  are 


inseparable  from  those  of  slope ;  and  the  varia- 
tion of  capacity  (within  an  observational 
series),  which  np  to  this  point  has  been  treated 
as  if  it  were  purely  a  function  of  slope,  is  in 
reahty  a  function  of  slope  and  form  ratio 
jointly.  To  separate  the  two  factors  and  there- 
by discover  the  relation  of  capacity  to  slope  for 
streams  of  similar  section,  it  is  necessary  to 
bring  together  data  obtained  by  use  of  troughs 
with  different  widths,  selecting  points  of  two 
or  more  adjusted  series  wliich  are  characterized 
b}-  the  same  ratio  of  depth'  to  width.    In  every 
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such  comparison  the  capacity  and  slope  asso- 
ciated with  the  narrower  trough  are  relatively 
large,  while  for  the  wider  trough  they  are  rela- 
tively small.  The  opportunities  for  comparison 
are  not  abundant,  because  in  the  main  the 
observational  series  which  are  of  like  conditions 
except  as  to  width  do  not  overlap  in  respect 
to  form  ratio. 

SIGMA    AND    THE    INDEX. 

In  the  records  of  the  main  bodj'  of  experi- 
ments 24  cases  of  overlap  are  found,  all  asso- 
ciated with  the  finer  grades  of  debris,  from  (A) 
to  (D).  In  each  of  these  the  comparison  in- 
cludes two  widths  only,  no  instance  occurring 
in  which  it  can  be  extended  to  three.  There 
is,  however,   a  special  group  of  experimental 


series,  planned  in  part  for  this  particular  pur- 
pose, in  which  the  trough-width  interval  is  so 
small  that  triple  overlaps  occur.  The  special 
experiments  were  made  with  debris  of  grade 
(C);  the  trough  widths  were  1.0,  1.2,  1.4,  1.6, 
1 .8,  and  1.96  feet;  and  the  experiments  yield 
nine  triple  overlaps.  In  sLx  of  these  the  extent 
of  overlap  is  such  that  numerical  comparisons 
have  been  made  for  more  than  one  value  of  R. 
With  the  aid  of  the  computation  sheets 
described  on  page  95,  a  table  was  compiled  in 
which  adjusted  capacities  and  slopes  were 
arranged  with  respect  to  form  ratio,  and  in 
this  table,  which  has  not  been  printed,  the 
matter  of  overlaps  was  canvassed.  Table  21 
contains  the  data  involved  in  the  triple 
overlaps. 


Table  21. — Selected  data,  for  grade  (C),  showing  the  relation  of  capacity  to  slope  ichen  the  form  ratio  is  constant. 


n 

Q=0.734 

Q=0.923 

Q=1.021 

Q=1.119 

» 

s 

c 

.. 

S 

C 

» 

S 

C 

,,■ 

S 

C 

1.60 
1.80 
1.96 

1.60 
l.SO 
1.96 

1.38 
1.17 
.75 

1.08 
.89 
-.49 

354 
262 
118 

226 
151 
48 

1 

1 



.  .  .1 

1.60 
1.80 
1.96 

1.29 
.94 

.58 

413 
210 

88 

1 

1 

1.40 
1.00 
1.80 

1.40 
1.60 
1.80 

1.33 
.72 
.55 

1.06 
.60 
.45 

346 
102 
57 

224 
71 
35 

1.60 
1.80 
1.96 

1.19 
.82 
.50 

405 
195 
75 

:::::::;::::::::::; 

1.40 
l.BO 
1.80 

1.40 
l.BO 
1.80 

1.40 
1.60 
1.80 

1.44 
.83 
.60 

1.17 
.69 
.50 

.96 
.58 
.42 

522 
185 
83 

357 
130 

56 

243 
94 
36 

1.60 
1.80 
1.96 

1.60 
l.SO 
1.96 

1.07 
.74 
.50 

.87 
.62 
.41 

193 



■ 

134 

1.20 
1.40 
1.60 

1.43 
.72 
.44 

382 
103 
37 

1.40 
l.liO 
l.SO 

1.16 
.65 
.47 

380 
135 
58 

1 

1.40 
1.60 
1.80 

1.40 
1.60 
1.80 

1.40 
1.60 
l.SO 

1.20 
.60 
.45 

.99 
.51 
.39 

.83 
.44 
.34 

470 

130 

! 

66 

.15  . 

331 

: :... 

236 

To  illustrate  the  use  made  of  such  data,  the 
case  of  Q=  1.119  ft.Vsec.  and  R  =  0.15  is 
selected.  In  that  example  the  values  of 
slope  and  capacity  are  given  for  the  trough 
widths  1.4,  l.f),  and  1.8  feet.  These  values 
come  from  three  adjusting  equations,  which  are, 
for  the  widths  severally,  C=386  (5-0.08)  i-", 
C=400(S-0.10y-^,  and  C=4.30  (-S'-0.12)  i-^'. 
The   graphs   of   the   equations   are  shown  in 


figure  37.  On  each  graph  is  a  dot  indicating 
the  point  which  corresponds  to  the  tabulated 
values  of  C  and  S,  and  for  each  of  these  points 
the  ratio  R  is  0.15.  The  curves  represent  the 
relations  of  C  to  5  under  the  condition  of 
uniform  width.  The  three  dots  are  points  on 
an  undrawn  curve  to  express  the  relation  of 
C  to  S  under  the  condition  of  constant  form 
ratio. 


118 


TKANSPOETATION   OF   DEBRIS  BY   RUNNING   WATER. 


It  is  convenient,  in  discussing  this  undrawn 
curve,  to  assume  that  its  equation  involves  o 
and  is  otherwise  of  the  same  type  as  the  equa- 
tions used  in  discussing  the  data  for  constant 
width.  In  this  case,  moreover,  the  assump- 
tion is  countenanced  by  the  fact  that  traction 
is  limited  by  the  competent  slope.  By  making 
the  assumption,  it  is  possible  to  compute  all 
the  parameters  of  the  curve  from  the  coordi- 
nates of  the  three  known  points  and  write  its 
equation : 

6'=469  (5^-0.23)'-^    (43) 

In  the  present  coiniection  the  most  signLficant 
of  the  parameters  is  a\  and   the  values   of  a 


have  been  computed  for  each  of  the  cases  of 
Table  21.     They  are  assembled  in  Table  22. 

Table  22. —  Values  of  a  corresponding  to  data  in  Table  21. 


R 

Value  of  ff  when  Q  Is— 

0.734 

0.923 

1.021 

1.119 

0.07... 
.08... 
.09... 

i              0 

1 

-.44 

+.04 

.  10. . . 
.11... 
.12... 

/       +.20 
\       +.20 

1       +.35 

I       +.33 

+.31 

/     +.05 
i     +.11 

.  13. . . 
.14... 

+.i4 

+.13 

+.21 
+  .24 
+.24 

.15... 

.  16. . . 

18 

/  ,1  6 

//.    . 

/ 

--  R-.JS 

Jt^'.is----- 

/ 

1.8^' 

R'.IS 

ves  of  C=fiS)  for  trough  widths  of  1.4, 1.6,  and  l.S  feet,  showing  points  which  agree  as  to  form  ratio. 
Grade  (C).    Q=1.119ft.Vsec.    iJ=0.15. 


One  value  of  a  has  a  negative  sign.  As  this 
yields  positive  capacity  for  negative  slope, 
thus  transcending  the  physical  concUtions  of 
traction,  and  as  the  value  is  numerically  large, 
an  error  of  importance  is  betrayed.  The 
error  appears  not  to  be  one  of  computation 
and  must  be  ascribed  either  to  the  observa- 
tional data  or  to  assumptions  made  in  the 
work  of  reduction  and  adjustment.  In  either 
case  its  existence  serves  to  qualify  the  values 
of  a  as  of  low  precision. 


In  view  of  that  qualification,  the  study  of  the 
values  of  a  in  detail  appears  unprofitable  and 
only  their  mean  wiU  be  considered.  In  deriv- 
ing the  general  mean  a  subsidiary  mean  was 
first  found  for  each  case  of  overlap  and  these 
were  aft/crward  combined,  this  course  being 
followed  because  when  several  values  of  a  are 
derived  from  the  same  overlap  of  series  they 
are  not  independent.  The  general  mean  thus 
derived  is  +0.08,  and  this  may  be  compared 
with  a  mean  similarly  obtained  from  the  asso- 
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ciated  equations  under  condition  of  constant 
width,  namely,  +0.12.  So  far  as  this  moder- 
ate difference  in  magnitude  has  significance,  it 
indicates  that  the  index  of  relative  variation,  -i,, 
has  the  smaller  range  under  the  condition  of 
constant  form  ratio;  for  the  index's  range  in 
magnitude  is  a  direct  function  of  a. 

THE    SYNTHETIC    INDEX. 

Another  mode  of  viewing  the  data  of  Table 
21  ignores  the  middle  term  of  the  triple  over- 
lap and  considers  only  the  first  and  last.     From 


the  values  t)f  capacity  and  slope  in  these  two 
terms  a  value  of  the  synthetic  index  can  be 
computed  by  equation  (35).  It  is  possible  in 
this  way  to  broaden  the  range  of  data  by  in- 
cluding the  cases  of  simple  overlap;  and  it  is 
possible  to  make  many  pertinent  comparisons 
by  computing  the  corresponding  values  of  the 
synthetic  index  for  observational  series  in 
which  the  constant  condition  is  width  instead 
of  form  ratio.  The  indexes  with  form  ratio 
constant  and  with  width  constant  may  be 
symbolized  severally  by  h  and  /„,. 


Table  23. —  Values  of  synthetic  index  vnder  eondiiion  that  R  is  constant.  (Ik):  icith  coordinate  values,  under  condition  that 

»■  is  constant.  (/«,). 


GraJe. 

Q. 

Wi. 

th. 

B. 

^*- 

/ 

». 

Channel 

Channel 

narrow. 

wide. 

(A) 

O.StVJ 

1.32 

1.96 

.06 

2.01 

1.74 

1.99 

.07 

2.23 

1.80 

2.17 

.734 

1.32 

1.96 

.10 

1.77 

1.82 

1.75 

(B) 

.1S2 

1.00 

1.32 

.12 
.06 

1.90 
1.93 

"'"'i.87' 

■■■■--■■ 

.07 

2.09 

2.00 

2.02 

.08 

2.22 

2.06 

2.16 

.3m 

.543 

.66 
1.32 

1.00 
1.96 

.09 
.20 
.07 

2.49 
1.69 
2.00 

"'"'i.'75" 

1.96 

......... 

.734 

1.00 

1.32 

.08 
.20 

2.11 
1.80 

""i'm" 

""'i.'S2" 

(C) 

.734 
.1S2 
.182 

1.32 
.44 
.66 

1.96 
.66 
1.00 

.12 
.30 
.10 

2.03 
1.71 
1.74 

"i'.m" 
1.79 

""i'.m" 

.12 

1.88 

1.73 

1.92 

.14 

2.02 

1.82 

2.04 

.182 

1.00 

1.32 

.03 
.06 

2.11 
2.36 

1.70 

1.77 

""i'.ii" 

.07 

2.67 

1.87 

2.43 

.363 

.66 

1.00 

.20 

1.33 

1.62 

1.64 

1.00 

1.32 

.30 
.10 

1.96 
1.72 

2.07 
1.66 

""i'.ih" 

.12 

1.87 

1.65 

1.88 

.363 

1.32 

1.96 

.06 

2.22 

1.72 

2.24 

.545 

1.00 

1.32 

.12 
.14 

1.36 
1.64 

1.44 
1.48 

1.52 

.734 

.66 

1.00 

.40 

1.46 

1.20 

"■'i.'eo'" 

.734 

.  734 
.  734 
.734 

1.00 

1.20 
1.32 
1.40 

1.32 

1.60 
1.% 
1.80 

.16 
.18 
.20 
.13 
.09 
.10 

1.47 
1.54 
1.59 
2.01 
1.60 
2.06 

1.48 
1.52 
1.73 
1.91 

""2."  66" 

""i'oi" 

.734 

1.60 

1.96 

.11 
.07 

2.17 
1.81 

'""i."92'" 

"i'ib" 

.08 

1.96 

1.98 

2.07 

.923 

1.40 

1.80 

.11 
.12 

2.10 
2.18 

......^... 

■"'2.' 6.8" 

.923 

1.60 

1.96 

.13 
.09 

2.  .30 
1.93 

""i.'se" 

""i.'98" 

1.021 
1.021 

1.40 
1.60 

1.80 
1.96 

.13 
.10 

2.08 
1.95 

1.99 
1.86 

""i.'99" 

1.119 

1.40 

1.80 

.14 
.13 

2.00 
2.10 

■""i.'w" 

"iis" 

1.119 

1.60 

1.96 

.16 
.11 

2.20 
1.93 

"'"i.',S7" 

""2.' 67" 

.12 

2.07 

1.94 

2.13 

(!') 

.363 
.734 

l.(Xl 
l.UO 

ns 

1.32 
1.32 

.10 
.16 
.18 
.20 

2.02 
1.86 
1.94 
2.11 

1.67 

""i'.ih" 

1.72 

Adiiisted  mBa 

""i.'gt" 

1.88 

1.72 

1.89 

Table  23  contains  values  of  h  computed  ior 
the  9  cases  of  overlap  showii  hi  Table  21  and 
for  24  cases  of  simj)le  overlap  jireviously  men- 
tioned. Where  the  overlap  is  extensiA^e,  values 
of   Is  were  computed  for  two  or  more  values 


of  R.  Each  of  these  values  is  based  on  data  of 
two  width-constant  series,  ])ertaLnLng  to  differ- 
ent trough  widths,  and  whenever  the  extent 
of  such  an  associated  width-constant  series  per- 
mitted, a  value  of  I^  was  computed  from  its 
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data  for  the  same  range  of  slope  as  that  covered 
by  the  value  of  7^.  The  table  thus  comprises 
data  for  the  coordinate  values  of  the  uidexes 
under  conditions  of  constant  form  ratio  and 
constant  width. 

The  most  important  generalization  from  the 
data  ill  Table  23  is  contained  in  the  adjusted 
means  which  appear  at  the  bottom.  In  the 
derivation  of  these  means  due  account  was 
taken  of  the  fact  that  the  several  individual 
values  from  the  same  overlap  arc  not  inde- 
pendent and  also  of  the  fact  that  the  coordinate 
data  for  constant  width  are  incomplete.  The 
mean  for  constant  form  ratio,  1.8S,  is  practi- 
cally the  same  as  that  one  for  constant  width 
which  is  associated  with  the  wider  channels, 
1.89,  and  is  notably  greater  than  the  mean  as- 
sociated with  the  narrower  channels,  1.72.  On 
the  whole  it  is  indicated  that  the  sensitiveness 
of  capacity  to  slope  is  the  greater  for  traction 
conditioned  by  constant  form  ratio,  m  the  pro- 
portion of  1.88  to  1.805,  or  as  1.04  to  1. 

When  the  values  of  Ir  and  7^  are  arranged 
according  to  the  associated  values  of  R,  the  fol- 
lowing relations  are  brought  out: 


R 

Mean 

Mean  /„. 

Ir 

Narrower 
trough. 

Wider 
trough. 

0.05  too. OS 

2.14 
1.93 
1.80 

1.86            2.10            1.08 
1.81            1.94             1.03 

.09  to    .12 

.  14  to    .  40 

SUMMARY. 

Only  a  small  fraction  of  the  observational 
data  are  available  for  the  discussion  of  the 
capacity-slope  relation  under  the  condition  of 
constant  form  ratio,  and  the  discussion  is  there- 
fore limited  to  a  comparison  of  its  features  un- 
der that  condition  with  corresponding  features 
under  the  condition  of  constant  channel  width. 
The  results  of  such  comparison  may  be  sum- 
marized as  follows:  The  sensitiveness  of  trac- 
tional  capacity  to  variation  of  slope  is  m  gen- 
eral greater  under  the  condition  of  constant 
form  ratio,  but  the  difference  is  of  moderate 
amount.  The  difference  is  somewhat  less  (at 
least  within  the  limits  of  available  data)  for 
broad  and  shallow  streams  than  for  streams 
that  are  narrow  and  deep.  The  range  of  sensi- 
tiveness, or  its  variation  with  variation  of  slope, 
appears  to  be  somewhat  less  under  the  condi- 
tion of  constant  form  ratio.     The  generaliza- 


tions in  regard  to  traction  by  currents  of  varia- 
ble depth  but  invariable  width  may  be  ex- 
tended, with  only  moderate  qualification,  to  the 
case  of  currents  which  retain  geometric  simi- 
larity of  section  while  slope  is  varied. 

REVIEW. 

With  increase  of  the  slope  of  descent  goes  in- 
crease of  a  stream's  energy  (per  unit  time,  per 
unit  distance).  With  the  increase  of  energy 
goes  increase  of  capacity  for  the  transportation 
of  debris  along  the  channel  bed.  The  increase 
of  energy  is  strictly  proportional  to  the  increase 
of  slope,  but  the  increase  of  capacity  follows  a 
different  law.  The  law  is  not  simple,  but  one 
feature  persists  through  all  its  manifestations: 
The  capacity  for  traction  increases  more  rap- 
idly than  the  slope.  The  difference  in  rapidity, 
or  the  magnitude  of  the  difference  between  the 
rates  of  change  for  capacity  and  slope,  is  itself 
a  variable,  depending  on  a  variety  of  condi- 
tions. The  study  of  the  relation  of  capacity  to 
slope  is  here  treated  as  a  study  of  the  influence 
of  conditions  on  the  magnitude  of  the  differ- 
ence between  the  two  rates  of  change. 

The  magnitude  of  that  difference  is  indicated 
by  a  quantity,  of  the  nature  of  an  exponent, 
called  the  index  of  relative  variation  (of  capac- 
ity, as  compared  to  slope),  and  designated  by 
^l.  The  index  may  be  defined  as  the  first 
differential  coefficient  of  log  C  ^vith  respect  to 
log  S.  It  is  illustrated  by  saying  that  the 
capacity  varies,  instantaneously,  as  the  i^ 
power  of  the  slope. 

For  the  greater  part  of  the  field  covered  by 
the  experiments  the  index  falls  between  1.4 
and  3.0,  but  under  some  conditions  it  is  con- 
siderably higher.  It  varies  with  slope,  being 
higher  for  low  slopes  and  lower  for  high.  It 
varies  with  discharge,  being  relatively  high  for 
small  discharges.  It  varies  with  fineness,  being 
relatively  high  for  coarse  debris.  Briefly,  it 
varies  inversely  with  slope,  discharge,  and 
fineness.  It  varies  also  with  width  of  channel, 
decreasingly  for  relatively  narrow  channels  and 
increasingly  for  relatively  broad  channels;  so 
that,  for  any  particular  combination  of  slope, 
discharge,  and  fineness  there  is  a  width  charac- 
terized by  a  minimum  value  of  the  index. 

It  is  furthermore  true  that  no  one  of  these 
variations  is  itself  constant  in  rate,  the  rate  of 
each  having  its  own  law  of  variation.  Thus 
the  complexity  of  the  relation  of  capacity  to 
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slope  is  such  as  to  be  characterized  by  varia-  to  smooth,  then  from  smooth  to  antidune,  but 

tions  of  the  rates  of  variation  of  rates  of  varia-  the  critical  slopes  are  not  the  same  for  different 

tion ;  and  there  are  even  vistas  of  higher  orders  discharges  or  widths  or  degrees  of  fineness.     It 

of  variability.     The  law  connectmg  capacity  appeared   possible   to   gain   in  smiphcity   by 

with  slope  may  be  susceptible  of  much  more  treatmg  separately  the  data  associated  with  a 

compact  expression,  but  such  formulation  must  single   mode   of   traction,    and   data   for   the 

jjrobably  await  the  development  of  a  median-  smooth  mode  were  accordingly  segregated  and 

ical  theory  of  stream  traction.  discussed.     Greater  simpUcity  was  not  found, 

Formulation  founded  on  the  index  of  rcla-  but  the  range  of  variation  is  somewhat  smaller 
tive  variation,  wliile  brmging  out  clearly  cer-  for  the  single  mode  of  traction, 
tain  general  features  of  the  law,  is  not  able  to  The  second  attempt  was  connected  with  the 
afford  a  complete  quantitative  statement.  It  form  of  cross  section  of  the  current.  Within  a 
may  be  likened  to  a  map  in  definite  hachures  single  series  of  experiments  the  width  was  con- 
as  contrasted  with  one  in  definite  contours,  stantand  the  depth  varied,  so  that  the  capacity 
As  the  hachure  tells  the  direction  and  rate  of  was  conditioned  not  only  by  slope  but  by  form 
slope  but  omits  the  absolute  aUitude,  so  the  ^^^^.^  ^^d  ^  comparing  one  observational 
index  tells  the  relative  change  under  given  con-  '         w' 

ditions  but  omits  the  absolute  capacity.     To  series  with  another  it  is  possible  to  obtain  data 

remedy  this  defect,  tlie  experiment  was  tried  conditioned  by  difference  in  slope,  but  without 

of  substituting  for  the  equation   C^ViS"',  in  difference  in   form  ratio.     The  discussion  of 

which  V,  is  variable,  the  equation  C  =  c^S'\  in  such  data  developed  only  moderate  modifica- 

which  Ci  is  constant  for  each  series  of  observa-  tion  of  the  results  previously  obtained  and  no 

tions.     Formulation  by  means  of  Cj  and  ?\  is  reduction  in  complexity, 

more  nearly  analogous  to  the  contour  map  EFFICIENCY. 
but  the  variabihty  of  the  exponent  j^  is  no  less 

formidable  than  that  of  ii  while  the  definition  -p^^.  ^y^^  purposes  of  this  paper  duty  has  been 

and  derivation  of  ;/,   are  less  simple  and  its  dpfijjgd  as  the  ratio  of  capacity  to  discharge: 

significance  is  less  clear.  r;                   .                 ■  -,    n    m  a\  ^u    ^     i^ 

Further  utiUzmg  the  analogy  of  the  map,  we  U=  |.     Combmmg  this  with  C=JiS) ,  the  most 

may  think  of  the  capacity-slope  relation  as  an  general  expression  for  the  relation  of  capacity 

undulating  topography,  in  which  the  vertical  ^^^^o^^^^^h.^euJ^.     Under  no  form  dis- 

element  is  ^  or  ^  and  the  horizontal  ele-  ^^^^^^^  ^^^^^^^  .^  this  expression  reducible  to 

ments  are  qualifymg  conditions.    Formulation  simpler  terms.     For  each  value  of  discharge, 

is  a  mode  of  representing  this  topography,  the  ^^^y  jg  simply  proportional  to  capacity;  and 

hills  and  valleys  of  which  do  not  depend  on  the  ^^e  entire  discussion  of  this  chapter  applies  to 

mode  but  are  real.     Two  modes  have  been  j^^y  ^g  ^^n  as  capacity.     The  parameters,  n, 

tried,  each  with  limitations,  but  the  ideal  mode  ^^^  j^^  j^^  and  a  may  be  transferred,  without 

is  not  known.    The  contour  map  or  the  relief  modification,  to  formulas  for  duty, 

model  would  serve  admirably  if  the  qualifying  Efficiency  has  been  defined  as  the  ratio  of 

conditions  were  two  only,  but  as  they  number  capacity  to  the  product  of  discharge  by  slope: 
at  least  four,  a  graphic  or  plastic  expression  is 

possible  only  in  space  of  n  dimensions.  £■=  Tre *■  ^^^ 

By  reason  of  the  complexity  of  the  relation  V* 

of  capacity  to  slope  and  because  of  the  lack  of  ^^^  combination  of  this  with 
a  mechanical  theory  of  flow  and  traction,  the 

laboratory  data  do  not  warrant  inferences  as  to  C=ViiS'i (36) 

the  quantitative  relations  of  capacity  to  slope  yields 

for  rivers.  £'=v  — -  =  '-^  S"'~' (45) 

Of  various  attempts  to  evade  the  complexity,  '  QS     Q 

two  are  thought  worthy  of  record.     In  each  . 

series   of  experiments   the   mode  of   traction  The  transformation  of  the  exponent  is  im- 

changes  with  increase  of  slope,  first  from  dune  portant.     While  capacity  varies  as  the  i,  power 
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of  slope,  efficiency  varies  as  the  i^  - 1  power. 
The  index  of  relative  variation  is  1  less  for 
efficiency  than  for  capacity.  Table  15  could 
therefore  be  adapted  to  efficiency  by  dLminish- 
ing  all  its  values  by  unity.  As  the  lowest 
known  values  of  ii  are  greater  than  unity — the 
lowest  in  Table  15  is  1.31— it  follows  that  effi- 
ciency is  an  uicreasing  function  of  slope  under 
all  tested  conditions. 
The  combmation  of  (44)  with 


,'ields 


C=e,S' 


^   Q 


-(40) 
-(46) 


showing  that  in  passing  from  the  field  of  ca- 
pacity to  that  of  efficiency  the  exponent  asso- 
ciated with  a  constant  coefficient  also  is  reduced 
by  unity. 

Following  the  form  of  equation  (35),  we  have 


/.= 


log  6"^ -log  C 
\ogS"-logS'' 


-(35a) 


where  C  and  C"  are  specific  values  of  capacity 
correspondmg  severally  to  the  slopes  S'  and  .S"'. 
Designating  by  /^  the  synthetic  index  of  effi- 
ciency in  relation  to  slope,  and  by  E'  and 
E"  the  efficiencies  corresponding  to  C  and 
C",  we  have 


/.= 


log  £"^-log  E' 
log  5" -log  S' 


_(35b) 


As  C=  ESQ,  log  C"=log  E'+\og S' +\og  Q,  and 
log  6"'  =  log  £"'  +log  S"'  +log  Q.  Substituthig 
these  values  in  (35a)  and  reducing,  we  have 

log  g-- log  g 
^^'logS"-\ogS'^^ 

Subtracting  the  members  of  this  expression 
from  those  of  (35b)  and  transposing,  we  have 


/e=/i-l 


-(47) 


That  is,  the  synthetic  index  of  relative  varia- 
tion of  efficiency  with  reference  to  slope  is  less 
by  unity  than  the  corresponding  index  for 
capacity. 

It  is  evident  that  at  competent  slope,  when 
capacity  is  zero,  efficiency  also  is  zero.  Like 
capacity,  it  increases  with  increase  of  slope. 
Under  the  assumption  that  its  law  of  increase 
is  of  the  same  type,  its  value  varying  with  a 


power  of  (S  —  rj),  two  expressions  have  been 
derived,  but  neither  has  been  found  reducible 
to  suiiple  form.  The  algebraic  work  bemg 
omitted,  they  are 


E=v^S-o) 


E^^(S-a) 


log  S-2 
"  log  (S-.)-2 


In  the  first  of  these  expressions  the  coeffi- 
cient is  variable,  being  a  function  of  *S';  so  that 
the  exponent  may  be  regarded  as  the  index  of 
relative  variation  for  efficiency  in  relation  to 

iS-o) 


As  — o—  falls  to  zero  when  S  falls  to 


the  limiting  value  a,  and  as  it  approximates 
unity  when  S  is  indefinitely  large,  the  values 
of  the  exponent  lie  between  n  and  n  —  1  for  all 
practical  cases.  In  the  second  expression  the 
coefficient  is  constant,  with  respect  to  slope, 
but  the  exponent  is  transcendental  and  intract- 
able. 

Thus  it  appears  that  the  derived  expression 
for  efficiency  as  a  function  of  ;S'  — <7  is  not 
simply  related  to  the  coordinate  expression 
for  capacity  and  is  not  available  for  practical 
purposes;  but  it  does  not  necessarily  follow 
that  the  actual  relation  of  efficiency  to  slope 
can  not  be  formulated  for  practical  purposes  by 
an  equation  of  the  sigma  type.  AU  that  is 
really  shown  is  that  if  capacity  and  efficiency 
are  both  formulated  in  that  way,  the  results 
are  not  consistent.  Formula  ( 10)  was  adopted 
for  the  capacity-slope  relation,  not  because  it 
expresses  a  demonstrated  law  of  relation,  but 
because  it  so  far  simulates  the  real  law  of  rela- 
tion as  to  be  available  for  the  marshahng  of  the 
observational  data.  It  seems  quite  possible 
that  had  the  data  been  first  translated  from 
terms  of  capacity  into  terms  of  efficiency,  the 
type  of  formula  would  have  been  found  equally 
available. 

By  way  of  testing  the  matter  a  few  com- 
parative computations  were  made,  observa- 
tional series  being  selected  for  the  .purpose 
from  those  which  in  the  adjustment  gave  small 
probable  errors.  From  the  original  data  in 
Table  4  values  of  efficiency  were  computed,  and 
these  were  plotted  on  logarithmic  paper  in  rela- 
tion to  S  —  a,  the  values  of  a  being  those  em- 
ployed in  the  adjusting  equations.  In  four  of 
the  nine  cases  treated  the  locus  indicated  was  a 
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straight  line;  and  the  drawing  of  the  line  gave 
values  of  B  and  tin  in  E  =  B  (S-a,)"".  In 
each  of  the  remaining  five  cases  the  indicated 
locus  was  a  curve,  and  the  curvature  was  such 
as  to  indicate  a  larger  constant  in  place  of  a. 


This  larger  constant,  ct,,  was  determined  graph- 
ically, and  the  other  parametere  were  com- 
puted as  before.  The  results  are  given  in 
Table  23a,  together  with  comparative  data 
from  Table  15. 


-Comparkoii  of  parameters  in  the  associated  functions  of  capacity  and  efficiency.   C=bi<S—a)n  and 
E=B  (S—ai)nii. 


Grade. 

K. 

.' 

h 

B 

' 

iri 

n—ir 

n 

% 

71-n,, 

(B) 

0.66 

0. 182 

39.8 

196 

0.10 

0.10 

0 

1.64 

0.67 

0.97 

(B) 

l.OO 

.363 

97.0 

268 

.08 

.18 

(C) 

.66 

.182 

38.6 

187 

.11 

.11 

(C 
(C) 

.66 

.545 

123 

193 

.06 

.06 

0 

1.48 

.56 

.92 

1.00 

.363 

100 

280 

.11 

.31 

.20 

1.48 

.37 

1.11 

{C 

1.32 

.363  1 

100 

240 

.16 

.22 

.06 

1.40 

.54 

(G) 

.66 

.734 

64.5 

78 

.36 

..56 

(G) 

1.00 

.734  i 

65.7 

63 

.41 

.41 

(H) 

Mea 

.66 

.734  : 

52.9 

58.6 

.56 

.76 

.20 

1.72 

.09 

.92 

The  proximate  inferences  from  these  plots 
and  comparisons  are,  first,  that  efficiency  may 
be  formulated,  with  sufficient  accuracy  for 
practical  purposes,  as  proportional  to  a  power 
oi  S  —  a^;  second,  that,  when  it  is  thus  formu- 
lated, the  approximate  values  of  <7i  are  in  gen- 
eral larger  than  the  values  of  a  obtained  in  the 
formulation  of  capacity;  and,  third,  that  the 
values  of  the  exponent  are  smaller  than  the 
equivalent  values  for  capacity,  the  differences 
usually  being  somewhat  less  than  unity. 

The  field  of  these  hiferences  was  also  tra- 
versed by  a  mathematical  inquiry,  of  which 
the  results  are  more  definite.  If  the  relation 
of  efficiency  to  slope  be  formulated  by 

£'=B(S-rT,)«" .    .(47a) 

the  exponent  /(„  is  always  less  than  n,  but  never 


so  small  as  n  —  1.  For  the  range  of  conditions 
covered  by  the  experiments,  it  is  little  greater 
than  ri  —  1 .  The  value  of  tr,  is  always  greater 
than  the  coiTcsponding  value  of  a,  the  differ- 
ence being  usually  small.  The  difference  is 
greater  when  the  value  of  the  exponent  is 
relatively  small.  Equation  (47a)  is  incom- 
patible with  the  corresponding  equation  for 
capacity,  (10).  If  the  locus  of  E=JXS)  be 
separately  plotted  by  means  of  the  two  equa- 
tions, the  resulting  curves  are  not  coincident, 
but  they  intersect  at  three  points  and  lie  close 
together  elsewhere  (in  the  practical  field) 
unless  the  difference  between  a  and  cr,  is  large. 
On  the  whole,  it  appears  entirely  feasible 
to  formulate  efficiency  by  means  of  equation 
(47a). 


CHAPTER  IV.— RELATION  OF  CAPACITY  TO  FORM  RATIO. 


INTRODUCTION. 

Details  of  channel  form  in  a  natural  stream 
are  highly  diversified.  In  connection  with  the 
bendings  to  right  and  left  the  current  is  thrown 
to  one  side  and  the  other,  with  the  result  that 
the  cross  section  is  not,  for  the  most  part,  sym- 
metric about  a  medial  axis  but  shows  greater 
depth  on  the  side  of  the  swifter  flow.  In  the 
straight  chamiels  of  the  laboratory  there  was 
little  departure  from  bilateral  symmetry  and 
the  cross  section  was  approximately  rectangu- 
lar. For  this  reason  those  relations  of  traction 
to  form  of  cross  section  which  are  found  to  ex- 
ist in  the  laboratory  can  not,  in  general,  be  in- 
ferred of  natural  streams.  Nevertheless  there 
is  probably  an  approximate  correspondence  be- 
tween the  two  typos  when  the  tractional  prop- 
erties of  a  broad,  shallow  channel  are  compared 
with  those  of  a  narrow,  deep  channel;  and  to 

that  extent  the  discussion  of  form  ratio  (R  =  — ) 

is  pertinent  to  the  problems  of  natural  streams. 

In  connection  with  the  study  of  the  labora- 
tory data  the  form  ratio  is  a  factor  of  great  im- 
portance, for  not  only  is  capacity  for  traction 
directly  conditioned  by  it,  but  it  affects  every 
law  of  relation  between  capacity  and  another 
condition. 

In  the  discussion  of  capacity  in  relation  to 
slope  the  effects  which  might  have  been  referred 
to  form  ratio  were  treated  instead  as  due  to 
width,  while  small  account  was  taken  of  the  co- 
ordmate  influence  of  depth.  For  many  pur- 
poses the  choice  of  viewpoint  is  indifferent,  but 
when  large  and  small  channels  are  to  be  com- 
pared there  is  decided  advantage  in  taking  ac- 
count of  form  ratio.  The  form  ratios  of  labo- 
ratory channels  and  river  channels,  for  exam- 
ple, are  of  the  same  order  of  magnitude,  but  the 
widths  are  not. 

SELECTION  OF  A  FORMULA. 

MAXIMUM. 

When  identical  discharges  are  passed  through 
troughs  of  different  width  and  are  loaded  with 
debris  of  the  same  grade,  and  the  loads  are 
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adjusted  so  as  to  establish  the  same  slope,  it  is 
usually  found,  not  only  that  the  capacity  varies 
with  the  width,  but  that  some  intermediate 
width  determines  a  greater  capacity  than  do 
the  extreme  widths.  That  is,  the  curve  of 
capacity  in  relation  to  width  exhibits  a  maxi- 
mum. The  form  ratio  varies  inversely  with  the 
width;  and  the  same  maximum  appears  when 
the  capacity  is  compared  with  form  ratio.  The 
curves  in  figure  38,  introduced  to  Ulustrate  this 
fact,  show  data  from  Tables  12  and  14  for  grade 
(C),  with  $  =  0,363  ft-^sec.  and  S=1.0  percent. 
In  the  upper  curve  capacities  are  compared 
with  widths;  in  the  lower  one  the  same  capaci- 
ties are  compared  with  form  ratios. 


1                          z 

Width 

* 

Form    ratio 

Figure  38.— Illustration  of  the  relation  of  capacity  to  width  of  channel 
and  to  form  ratio,  when  slope  and  discharge  are  constant. 

The  formula  for  the  discussion  of  such  rela- 
tions must  be  one  affording  a  maximum.  It 
must  also  satisfy  various  physical  conditions, 
as  wiU  presently  appear. 

The  explanation  of  the  maximum,  so  far  as 
its  main  elements  are  concerned,  is  not  difficult. 
The  phenomenon  was  in  fact  anticipated  in  the 
planning  of  the  experiments,  and  certain 
courses  of  exjierimentation  were  arranged  with 
special  regard  to  the  discovery  of  the  form 
ratio  of  highest  efficiency. 

Conceive  a  stream  of  constant  discharge  and 
flowing  down  a  constant  slope  but  of  variable 
width.  The  field  of  traction  is  determined  by 
the  width,  and  the  evident  tendency  of  this 
factor  is  to  make  the  capacity  increase  as  the 
width  increases.  The  rate  of  traction  for  each 
unit  of  width  is  determined  by  the  bed  velocity 
in  that  unit,  and  the  bed  velocity  is  intimately 
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associated  with  the  mean  velocitj'.  Velocitj' 
varies  directly  with  depth,  and,  uiasmuch  as 
increase  of  width  causes  (in  a  stream  of  con- 
stant discharge)  decrease  of  depth,  the  tend- 
ency of  this  factor  is  to  make  capacity 
decrease  as  width  increases.  Velocity  is  also 
affected  by  lateral  resistance,  the  retarding 
influence  of  the  side  walls  of  the  channel.  The 
retardation  is  greater  as  the  wall  surface  is 
greater,  therefore  as  the  depth  is  greater,  and 
therefore  as  the  width  is  less.  As  capacity 
varies  inversely  with  the  retardation,  and  as  the 
retardation  Agarics  iiiversely  with  width,  it  fol- 
lows that  the  tendency  of  this  factor  is  to  make 
capacity  increase  as  width  increases.  Thus  the 
mfluence  of  width  on  capacity  is  tlireefold:  Its 
increase  (1)  enlarges  capacity  by  broadening 
the  field  of  traction,  (2)  reduces  capacity  by 
reducing  de])th,  and  (3)  enlarges  capacity  by 
reducing  the  field  of  side-wall  resistance.  Now, 
without  inquiring  as  to  the  laws  which  affect 
the  several  factors,  it  is  evident  that  when  the 
width  is  greatly  increased  a  condition  is  iji- 
evitably  reached  in  which  the  depth  is  so  small 
that  the  velocity  is  no  longer  competent  and 
capacity  is  nil.  It  is  equally  evident  that  when 
the  width  is  gradually  and  greatly  reduced 
the  field  of  traction  must  become  so  narrow 
that  the  capacity  is  very  small,  and  eventually 
the  current  must  be  so  retarded  by  side-wall 
friction  that  its  bed  velocity  is  no  longer 
competent  and  capacity  is  nil.  For  all  widths 
between  these  limits  capacity  exists,  and  some- 
where between  them  it  attains  a  maximum. 

The  forms  of  algebraic  function  which  afford 
a  maximum  are  many;  but  no  general  examina- 
tion of  them  is  necessary,  because  the  physical 
conditions  of  the  problem  serve  to  indicate  the 
appropriate  type.  As  just  observed,  the  varia- 
tion of  form  ratio  (when  discharge  and  slope  are 
constant)  involves  simultaneous  variations  of 
width  and  depth.  To  develop  an  expression 
for  the  relation  of  capacity  to  form  I'atio,  it  is 
convenient  first  to  determine  separately  the 
relations  of  capacity  to  width  and  to  depth, 
and  then  to  combine  the  two  functions. 

CAPACITY    AND    WIDTH. 

To  consider  separately  the  response  of 
capacity  for  traction  to  variation  of  width  it  is 
necessary  to  relinquish,  for  the  time  being,  the 
assumption  of  constant  discharge  and  variable 
depth,  and  substitute  for  it  the  assumption  of 


constant  depth  and  slope,  with  variable  dis- 
charge. That  is,  we  are  to  conceive  a  stream 
of  constant  slope,  of  which  the  width  is  pro- 
gressively increased  or  diminished  and  of 
wliich  the  discharge  is  varied  in  such  way  as  to 
maintain  a  constant  depth.  Figure  39  repre- 
sents the  cross  section  of  such  a  stream,  whether 
natural  or  of  the  laboratory  type. 

Near  the  sides  the  current  is  retarded  by  side 
friction.  Also,  the  freedom  of  its  internal 
movements  is  restricted  by  the  sides,  just  as  it 
is  everywhere  restricted  by  the  upper  surface 
and  the  bed.  These  lateral  influences  diminish 
Avith  distance  from  the  sides  and  finally  cease  to 
be  perceptible.  We  may  thus  recognize,  in  a 
broad  stream,  two  lateral  portions,  AB,  in 
wliich  capacity  is  affected  by  the  sides,  and  a 
medial  portion,  AA,  in  which  capacity  is  not 
thus  affected.  In  the  medial  portion  total 
capacity  is  strictly  proportional  to  the  distance 
AA;  or,  in  other  words,  the  capacity  per  unit 
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Figure  39. — Cross  sections  of  stream  channels;  to  illustrate  the  rela- 
tion of  capacity  to  width. 

distance,  C\,  is  uniform.  In  a  lateral  portion 
the  capacity  per  unit  distance  diminishes  as 
the  side  is  approached.  Whatever  the  law  of 
diminution,  the  total  capacity  of  a  lateral  por- 
tion is  equivalent  to  the  capacity  per  unit  dis- 
tance in  the  medial  portion,  multiplied  by  some 
distance  AD,  less  than  AB.  Therefore  the 
total  capacity  for  the  whole  stream  is 


(7=  C\  ( AA  -H  -IAD)  =  (7.  (w;  -  205) . . 


-(48) 


It  is  evident  that  for  a  shallow  stream  the 
distances  AB  and  DB  are  less  than  for  a  deep 
stream;  and  while  the  assumption  may  not  be 
strictly  accurate,  it  must  be  approximately 
true  that  DB  is  proportional  to  the  depth. 
Making  that  assumption  and  introducing  the 
numerical  constant  a,  I  replace  2DB  by  ad, 
and  write 

As  we  are  here  concerned  only  with  the  law  of 
variation  of  C,  we  may  conveniently  replace 
this  by  the  proportion 

C^w  —  ad. 
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Substituting  for  d  its  equivalent  Ru^, 

Cxw{l-nR). 
As  d  is  Ijv  ])()stulatc  constant,  and  as  w  = 


wocrjr.    We  may  therefore  substitute  -^  for  w  in 
the  proportion  above,  obtaining 


Coc 


1-aR 
R 


-(49) 


This  expression  gives  the  relation  of  capacity 
to  form  ratio,  so  far  as  that  relation  depends 
on  variation  of  width.  Eventually  it  is  to  be 
complemented  by  an  expression  similarly 
dependent  on  variation  of  depth. 


The  preceding  analysis  involves  the  assump- 
tion that  the  stream  is  so  broad,  in  i-elation  to 
its  depth,  that  its  medial  portion  is  unaffected 
by  lateral  influences.  The  resulting  proportion, 
(49),  is  not  necessarily  applicable  to  narrower 
streams.  It  is  quite  conceivable  that  when 
the  channel  is  so  narrow  that  the  reaction  of 
the  sides  affects  aU  parts  of  the  current  the 
variation  of  capacity  follows  a  difl'erent  law. 
Tlie  analytic  consideration  of  the  case  of 
narrow"er  channels  has  not  been  attempted, 
but  some  information  has  been  obtained  from 
the  experiments.  The  following  examination 
of  experimental  data  is  directed  toward  this 
question  and  also  toward  that  of  the  magnitude 
of  the  constant  oc. 


Table  24. — Relation  of  capacity  fur  traction  to  width  of  channel,  when  slope  and  depth  arc  constant. 


Grade. 

Slope 
(per 
cent). 

Depth 

(feet). 

Value  of  C  when 

width  (feet)  is— 

0.23 

0.44 

0.66 

1.00 

1.32 

1.S6 

(B) 

(C) 

(B)and 
(C). 

0.8 

1.2 

.8 

1.2 

0.8  and 
1.2 

0.08 
.10 
.12 
.15 
.20 
.08 
.10 
.12 
.10 
.12 
.14 
.20 
.10 
.12 
.14 

.08 
.10 
.12 
.14 
.15 

8.4 
15 

21.0 
36.7 
62.5 
29 
46 
65 
12.5 
19.2 
27 
52 
45 
[641 
81 

[17.4] 
26.6 
38.0 
60.0 

113 
50 
74 

103 
22.0 
34 
51 

111 
80 

115 

156 

20.4 
35.4 
57.5 
112 

4;i 
66 
95 
145 

8.6 
15.2 
32.0 

2.8 

88 
156 

U2 
211 
290 
42 
76 
135 

22.1 
32.0 

25.0 

[5.3) 

78 

109 
151 
221 

171 

[3001 
480 

20.0 

Geometr 

cn,eans. 

15.6 
29.6 
36.1 
43.1 

29.4 
50.7 
62.5 
78.  2 

42.4 
75.2 

78.0 
115 
158 
211 

\ 

11.7 

124 

/ 

The  assumptions  of  the  present  section 
include  constant  slope  and  constant  depth, 
with  discharge  and  capacity  adjusted  to  varia- 
tion of  width.  The  experiments  involve  con- 
stant width  and  constant  discharge,  with 
automatic  adjustment  of  slope  and  depth  to 
variation  of  load.  In  order  to  check  the 
analysis  by  means  of  the  laboratory  data  it  is 
necessary  to  employ  some  method  of  inter- 
polation. Two  methods  were  tried,  but  only 
one  need  be  described. 

Attention  being  first  restricted  to  a  par- 
ticular grade  of  debris  and  a  particular  slope 
of  channel,  the  computation  sheets  (p.  95) 
for  the  different  discharges  were  entered  with 
a  particular  depth  as  argument,  and  the 
associated  values  of  capacity  and  slope  were 


taken  out.  These  values  were  plotted  on 
logarithmic  section  paper  as  a  series  of  points. 
Through  these  points  was  drawn  a  curve — the 
locus  of  log  C=f  {\og  S),  under  the  condition 
tliat  d  is  constant.  By  means  of  this  curve 
values  of  Cwere  interpolated,  corresponding  to 
selected  values  of  S.  The  process  was  then 
repeated  with  other  depths,  other  widths,  and 
other  grades ;  and  in  this  way  were  obtained 
sets  of  values  of  capacity  in  relation  to  width, 
under  the  condition  of  constant  depth  and 
slope.  Such  interpolated  values  of  capacity 
are  presented  in  Table  24.  It  was  found  that 
the  data  for  grades  (B)  and  (C)  only  are  full 
enough  to  serve  the  present  purpose. 

The  tabulated  capacities  are  also  plotted,  in 
relation  to  \vidth,  in  the  upper  and  second  divi- 
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sions  of  figure  40.     If  the  data  were  precise, 
and  if  equation  (48)  were  strictly  accurate,  the 

I  2 

300 


I  2 

FlGUHE  40.— Capacity  for  traction  in  relation  to  width  of  channel,  when 
depth  and  slope  are  constant.  Scale  of  capacities,  vertical;  widths, 
horizontal. 

oblique  lines  of  the  figure  would  all  be  straight 
and  would  all  mtcrsect  the  line  of  zero  capacity 
somewhere  to   the  right  of  the  origin.     The 


irregularities  of  the  lines  are  of  such  distribution 
as  to  indicate  that  they  are  occasioned  chiefly 
by  the  imperfection  of  the  data,  and  so  far  as 
niay  be  judged  by  their  inspection  the  formula 
is  substantially  correct. 

As  the  individual  lines  do  not  well  indicate 
the  points  of  intersection  with  the  horizontal 
axis,  a  set  of  composites  were  prepared,  each 
combining  the  data  for  a  particular  depth, 
without  distinction  as  to  grade  of  debris  or 
slope  of  chaimel.  In  the  computations  for 
these  a  few  mterpolations  were  first  made,  and 
then  the  capacities  were  combined  by  takmg 
theu'  geometric  means.  The  numerical  results 
appear  at  the  bottom  of  Table  24,  and  these 
are  represented  by  dots  m  the  lower  division  of 
figure  40.  The  indications  of  the  dots  were 
then  generalized  by  drawing  straight  lines 
among  them,  and  the  intersections  of  these 
lines  with  the  line  of  zero  capacity  gave  points 
correspontlmg  to  D  m  figure  39.  More  strictly, 
the  distance  of  each  mtersection  from  the 
origin  gave  an  estimate  of  the  quantity  2  DB 
in  equation  (48).  As  each  estimate  is  asso- 
ciated with  a  particular  depth,  and  as  nr  =  — -j — , 

the  intersections  give  also  values  of  the  con- 
stant a  m  (49). 


d 

2DB 

a 

0.08            0.30 
.10              .24 
.12               .325 
.143             .36 

3.7 
2.4 
2.7 
2.5 

As  the  plotted  dots  are  so  irregular  as  to 
admit  of  much  latitutle  m  the  drawmg  of  the 
lines,  these  values  of  the  constant  are  far  from 
precise.  No  inference  may  be  drawn  from  their 
differences,  and  collectively  they  serve  only  to 
indicate  an  order  of  magnitude.  For  fine  sand, 
with  slopes  of  about  1  per  cent,  the  constant  a 
has  a  probable  magnitude  of  2  or  .3. 

CAPACITY    AND    DEPTH. 

To  consider  separately  the  response  of  capac- 
ity to  variation  of  depth,  the  assumption  of 
constant  discharge  and  variable  width  must 
agaui  be  laid  aside,  and  there  must  be  substi- 
tuted for  it  the  assumption  of  constant  width 
and  slope,  with  variable  discharge.  That  is, 
we  are  to  conceive  a  stream  of  constant  width, 
of  which  the  discharge  and  load  are  suuultane- 
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ously  varied  m  such  way  as  to  maintain  the 
slope  unchanged,  and  the  changes  in  deptli  are 
to  be  compared  with  the  changes  in  load  or 
capacity.  To  make  the  results  strictly  coordi- 
nate with  those  for  the  control  of  capacity  by 
width,  we  should  deal  only  with  chamiels  so 
broad  and  shallow  that  the  lateral  portions 
(fig.  39)  are  small  in  comparison  with  the  medial 
portions,  but  this  is  not  practicable.  It  is  pos- 
sible, however,  to  mmimize  the  influence  of 
lateral  retardation  by  selectmg  groups  of  data 
in  which  the  form  ratio  is  small. 

Table  25  contains  data  pertammg  to  debris 
of  grade  (C),  a  channel  width  of  0.66  foot,  and 
a  slope  of  1  per  cent.  The  values  of  capacity 
are  taken  from  Table  12  and  the  values  of 
depth  from  Table  14.  It  appears  by  mspectioii 
that  the  capacity  increases  with  the  depth. 
On  plottmg  the  pairs  of  values  on  logarithmic 
section  paper,  it  is  found  that  they  may  be 
represented  approximately  by  a  straight  line. 
The  exammation  of  many  such  plots  showed 
that  the  most  accurate  representative  line  has 
a  gentle  curvature,  but  for  the  present  purposes 
it  suffices  to  assume  that  the  line  is  straight. 
That  is  to  say,  it  is  found  to  be  approximately 
true,  and  the  assumption  is  made,  that  C  varies 
with  some  power  of  d,  or 


CociV 


(50) 


In   the   particular   case    /;(i  =  1.90,    and   other 
values  of  m^  are  shown  in  Table  26. 

Table  25. —  Values  of  capacity  and  depth  for  currents  trans- 
porting debris  of  grade  (C),  wl 


the  slope  1.0  per  cent. 


vhen  the  width  is  0.66  fool  and 


0.093 

0.182 

0.363 

0.54S 

0.734 

13.8 
.079 

32.1 
.110 

73 

.173 

U2 
.228 

152 

.255 

Table  26. —  Values  of  nii  in  Coc  rf""',  when  slope  is  constant. 


Grade. 

Slope, 
(per 
cent). 

Value  of  rai  when  width  (feet)  is— 

0.66 

1.00 

1.32 

1.96 

(C) 
(G) 

0.6 
1.0 

1.0 
1.6 
2.4 

2.20 
1.90 

2.67 
2.05 
1.80 

2.50 
2.10 

2.96 
3.43 
2.26 

3.10 
2.32 

3.95 
2.83 
2.48 

3.41 

2.97 

Comparison  of  the  tabulated  values  of  m^ 
shows  that  they  have  considerable  range  and 


that  their  variations  m  magnitude  are  defi- 
nitely related  to  several  conditions.  The  sensi- 
tiveness of  capacity  to  variation  of  depth  (when 
width  and  slope  are  constant)  is  greater  as  the 
slope  is  less,  is  greater  as  the  fineness  is  less, 
and,  with  one  exception,  is  greater  as  the  width 
is  greater: 

m,=f{$,  P,w) (51) 

As  ■«>  is  by  postulate  constant,  and  asd  =  wR, 
it  follows  that  (?  a i?.  i?  may  therefore  be  sub- 
stituted for  d  in  proportion  (50),  giving 

(52) 


CocR" 


This  is  an  expression  for  the  relation  of 
capacity  to  form  ratio,  so  far  as  that  relation 
depends  on  variation  of  depth.  It  is  the  com- 
plement of  proportion  (49)  on  page  126. 

CAPACITY    AND    FORM   RATIO. 

We  now  return  to  the  assumption  of  con- 
stant discharge.  Ha\'ing  obtained  an  approxi- 
mate expression  for  the  law  of  capacity's  varia- 
tion in  response  to  change  of  width  and  a 
coordinate  expression  for  variation  on  response 
to  change  of  depth,  we  next  inquire  how  these 
may  be  combined  into  an  expression  for  the 
response  of  capacity  to  simultaneous  changes 
of  width  and  depth,  when  those  changes  are  of 
such  character  as  to  leave  discharge  constant. 

If  the  functions  (49)  and  (52)  be  assumed 
to  be  independent,  their  simple  and  direct 
combination  gives 


c  «  Lz^i?" 


(53) 


This  formula,  as  may  readily  be  shown,  satis- 
fies an  important  condition  by  providing  for  a 
maximum  value  of  C,  but  the  assumption  in- 
volved in  its  construction  is  not  strictly  war- 
ranted.    The  law  embodied  in 


1-aR 
R 


is  based 


on  the  constancy  of  d  and  may  not  be  valid 
when  d  is  made  variable,  while  the  law  em- 
bodied in  i?""  may  not  be  vaUd  when  w  is  made 
variable. 

Viewing  the  matter  from  another  side,  we 
may  say  that  the  difficulty  would  not  exist  if 
the  values  of  oc  and  m,  depended  only  on  fine- 
ness, slope,  and  discharge  and  were  independent 
of  R;  but  they  are  in  fact  functions  of  R.  (We 
have  already  seen  that  ?«,  is  an  increasing 
function  of  w,  and  the  variation  of  a  with  d 
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will  appear  in  aiKithcr  coiuioction.)  An  in- 
quiry as  to  the  nature  of  the  functions — an 
inquiry  here  unrecorded  except  as  to  its 
result — served  to  determine  that  the  varia- 
tions of  a  and  mj,  as  functions  of  R,  affect 
capacity  in  opposite  senses,  so  that  their  in- 
fluences are  at  least  parti)'  compensator}^.  It 
appeared  also  that  each  influence  is  relatively 
great  when  R  is  large  and  relatively  small 
when  R  is  small,  so  that  their  laws  of  distribu- 
tion include  a  compensator}-  factor. 

Despite  the  existence  of  this  difficulty, 
which  is  palliatetl  rather  than  cured  bj^  features 
of  compensation,  the  fimction  in  (53)  has  been 
adopted  as  the  best  practicable  formula  for 
the  relation  of  capacity  to  form  ratio.  The 
logical  defect  in  the  combination  of  its  two 
factors  may  mean  that  its  accuracy  is  inferior 
to  that  of  the  factors;  but  as  the  factors  are 
confessedly  only  approximate,  the  defect  is  n(3t 
inconsistent  with  the  possession  of  even  superior 
accuracy  by  the  combination.  In  the  treat- 
ment of  so  intricate  a  subject  by  methods 
which  are  dominantly  empiric  altogether  ade- 
quate formidation  is  not  to  be  hoped  for;  but 
the  modicum  of  physical  foundation  afl^orded 
to  formula  (53)  is  believed  to  give  it  advan- 
tage over  a  purely  mathematical  expedient. 

A  shght  transformation  gives  it  more  con- 
venient form.  Moving  R  from  the  denomina- 
tor to  the  numerator  and  making  mj  —  1  =  ?» , 
we  have 

fee  (1-aR)  R'" 

It  is  convenient  also  to  change  from  a  propor- 
tion to  an  equation;  introducing  a  coefficient,  K, 


C=b,  (l-aR)  i?" 


.(54) 


This  conforms  to  the  physical  conditions  by 
indicating  two  values  of  R  for  which  capacity 
is  nil,  and  an  intermediate  value  for  which 
capacity  is  at  maximum.  On  referring  to  (54), 
it  is  evident  that  C=0  when  R  =  0,  and  also 

when  1  —  (yR  =  0,  or  R  =  -. 
a 

In  ascribing  finite  capacity  to  all  small 
values  of  R  the  formida  is  inaccurate,  for  when 
the  form  ratio  is  gradually  reduced  the  velocity 
must  always  faU  below  competence  before  the 
ratio  reaches  zero.  The  true  function  might  be 
represented  by  some  such  curve  as  the  broken 
hne  D  in  the  figin-e.  It  has  not  seemed  advis- 
able to  complicate  the  foiinula  by  a  modifica- 
tion which  might  remedy  tliis  defect. 

In  the  region  of  the  larger  values  of  R  the 
formula  is  subject  to  a  qualification  already 
mentioned  on  page  125.  The  larger  values  are 
associated  \\\ih  narrow  channels,  in  which  the 


n 

~~'~~- 

-^ 

■^ 

As  .ff  is  a  ratio  between  lengths,  and  a  (p.  125) 
is  also  a  numerical  quantity  without  dimen- 
sions, 62  is  of  the  unit  of  C.  It  is  the  value  of 
capacity  when  (l  —  ccR)  R™=1. 

Let  us  now  consider  the  properties  of  the 
formula.  For  the  sake  of  giving  a  visible  illus- 
tration, it  has  been  apphed  to  the  example 
already  used  in  figure  38.  As  the  equation  has 
three  parameters,  its  constants  require  for  their 
determination  three  pairs  of  values  of  R  and  0. 
The  example  furnishes  four  pairs,  and  these,  by 
approximate  adjustment,  give 

^=.346  (l-2.18i?)  ^"-^^ (55) 

The  corresponding  curve  is  shown  in  figure  41. 
20921°— No.  86—14 9 


Figure  41.— Plot  of  equation  (55).    Capacity,  vertical;  fcnn  ratio,  hori- 
zontal. 

influences  of  the  side  walls  or  banks  are  domi- 
nant. So  far  as  the  laboratory  data  give  mdi- 
cation,  the  formula  is  applicable  to  these  values; 
but  the  adjustment  might  be  less  satisfactory 
with  channel  walls  of  a  different  character. 

The  region  of  the  maximum  value  of  capac- 
ity, which  constitutes  the  chief  field  for  the 
apphcation  of  the  formula,  is  httle  affected  by 
the  quahfications  wliich  have  been  mentioned. 

Differentiating  equation  (54)  and  equating 
the  first  differential  coefficient  with  zero,  we 
have 

6,  m  R"-' -Kct  (m  +1)  R"'  =  0 

whence  i?  =  -  — —r,  wluch  is  the  condition  giv- 

iug  C  its  maximum  value.  Designating  this 
value  of  R  by  p,  we  have 


P- 


1      m 

nr  711  +  I ' 

1        711 

p  m  + 1 " 


-(56) 


-(57) 
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Substituting  from  (57)  into  (54),  we  have 


-\      p  m  +  iy 


-(58) 


Equations  (54)  and  (58)  are  alternative  ex- 
pressions of  the  same  relation,  the  one  involving 
a  without  p,  the  other  p  without  «.  Each  has 
its  field  of  superior  convenience,  ahke  for  com- 
putations and  discussion. 

To  obtain  the  maximum  capacity,  p  is  sub- 
stituted for  B  in  ( 58) .     The  equation  reduces  to 


m  +  V 


-(59) 


DISCUSSION  OF  EXPERIMENTAL  DATA. 

SCOPE    AND    METHOD    OF    DISCUSSION. 

The  equations  adopted  for  the  formulation  of 
C=f{R),  namely,  equations  (54)  and  (58),  in- 
volve four  constants.  &,  i^  ^  quantity  of  the 
unit  of  capacity;  />  is  a  ratio,  the  form  ratio  cor- 
responding to  maximum  capacity;  «  is  a  ratio 
connected  with  side-wall  resistance;  and  in  is 
an  exponent.  There  is  a  mutual  dependence 
between  a  and  p;  but  \,  n,  and  m,  grouped 
together  in  (54),  are  independent;  and  so  are 
6,,  p,  and  m,  grouped  in  (58).  In  the  following 
discussion  of  the  relation  of  capacity  to  form 
ratio,  equations  of  the  form  of  (54)  and  (58)  are 
derived  from  groups  of  experimental  data;  and 
these  are  compared  in  such  way  as  to  show  the 
control  of  their  constants  by  the  conditions  of 
slope,  discharge,  and  fuieness. 

A"group"  of  experimental  data,  for  thispur- 
pose,  includes  values  of  capacity  and  form  ratio 
from  at  least  three  observational  series,  all  per- 
taining to  the  same  fineness,  slope,  and  dis- 
charge, but  to  different  widths.  Three  pairs  of 
observational  values  suffice  to  determine  the 
three  independent  parameters;  with  a  greater 
number  the  problem  is  usually  one  of  adjust- 
ment, to  determine  the  most  probable  values  of 
the  parameters. 

The  computation  of  the  constants  by  alge- 
braic methods  is  tedious,  and  a  graphic  method 
was  substituted.  Wlien  an  equation  of  the 
form  of  (58)  is  plotted  on  logarithmic  section 
paper  the  shape  and  size  of  the  curve  are  deter- 
mined wholly  by  the  exponent  m:  its  position 
measured  in  the  direction  of  the  axis  of  log  R 
is  determined  by  the  value  of  p;  and  its  position 


with  respect  to  the  axis  of  log  C  by  the  value 
of  J,.  A  graphic  process  based  on  these  prop- 
erties gave  solutions  of  sufficient  approxima- 
tion for  the  purposes  of  the  discussion. 

SENSITIVENESS    AND    THE    INDEX    OF    RELATIVE 
VARIATION. 

The  sensitiveness  of  capacity  to  variation  of 
form  ratio  is  indicated  graphically  by  the  inch- 
nation  of  the  logarithmic  locus  C=f{R).  As 
that  locus  is  a  curve,  the  sensitiveness  varies 
with  R.  The  form  of  the  curve,  as  mentioned 
in  the  last  paragraph,  is  determined  by  the  ex- 
ponent m,  and  the  steepness  (see  fig.  42)  of  its 
legs  varies  directly  with  m.  The  exponent  is 
thus  a  general  index  of  sensitiveness. 
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Figure  42.— Logarithmic  plots  of  0=63  (  1 )  iS"*, corresponding 

to  the  same  value  of  b«  and  p,  but  different  values  of  m. 

The  logarithmic  equivalent  of  (54)  is 

log  6'=  log  Jj  +  log  (1  —  aR)  +  '«■  log  R 

Differentiatmg,  we  have 

d  log  C=  d  log  (1  -  aR)  +ind  log  R 

Dividing  by  d  log  R,  we  have 

d\og  C    d  log  (1  -  aR) 
d  log  R~       d  log  R 

Making  substitutions  from 

(Z  log  g     ■ 


-  +  m 


dlogfi"' 

d  log  (1  -  aR)  = 


-adR 
1-aR 


and 


d\oo:R  = 


JR 


and  reducmg,  we  have 


aR 
1-aR 


(60) 
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It    is    evident    that 


xR 


increases    ■wdth 


l-aR 
increase  of  R;  therefore  i^  decreases  vsdth  in 

aR 
crease  of  R.     Also  i^  is  positive  when  m  >  r— - 

and   negative    when    m< 


R 

In    passing 


approached    but    not    reached,    the    positive 
values  of  the  index  are  all  less  than  m.     When 

aR  =  1 ,  or  i?  =  — ,  the  condition  limiting  traction 

a  ^ 

for     a    narrow,    deep     stream,    ^j p=  +  oo 

and    12=—  2o.     The    negative    values    of    the 
index  therefore  range  to  iniinitj^. 

The  progressive  changes  of  the  index   are 
conveniently  illustrated  by  the  characters  of 
the  curves  in  figure  42.     Consider,  for  example, 
'\  —  aR~^     the  curve  corresponding  to  m=1.0.     As  this 
and  i^^m.     As   this  condition   may  only  be     curve  is  the  logarithmic  locus  of  C=f(R),  its 


1  -aR' 

from  positive  to   negative,  ij  passes  through 
,  aR  ,         „     1     m 

zero  when  m  = :. 55  or  when  R=—  — — r  =  p 

1  —  aR  a  m.  +  l     ^ 

(cf.  equation  56).      When  R  =  0,  the  limiting 

aR 
conchtion  for  a  broad,  shallow  stream, :; -75  =  0 
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FiGUKE  43.— Relati( 


1  of  capacity,  C,  to  form  ratio,  R.    The  variation  of  the  functii 
scale  of  R  horizontal. 


Scale  of  C  vertical: 


inclination  to  the  horizontal  rc])rcsents  'x^-  ^'^ 
the  extreme  left,  correspondmg  to  a  very  small 
value  of  R  (a  shallow,  wide  stream),  its  mcUna- 
tion  is  a  little  less  than  45° ;  or  the  value  of  i^  is 
a  little  less  than  1.0,  the  value  of  m.  As  the 
curve  ascends  i^  is  positive.  The  inclination 
then  diminishes  gradually  and  becomes  zero  at 
the  apex  of  the  curve,  which  corresponds  to 
R  =  p.  As  the  curve  begins  its  descent  the 
forward  inclination  corresponds  to  negative 
values  of  i^,  and  these  values  increase  numeri- 
cally, becoming  very  large  as  the  curve 
approaches  verticahty. 

CONTROL   OF    CONSTANTS    BY    SLOPE. 

To  illustrate  the  way  in  which  the  index  of 
sensitiveness  and  other  constants  defining  the 
relation  of  capacity  to  form  ratio  are  influenced 


by  the  condition  slope,  two  sets  of  computa- 
tions were  made.  The  first  set  used  data  per- 
taining to  debris  of  grade  (C)  and  to  a  discharge 
of  0.182  ft.^sec;  the  second,  data  for  grade  (G) 
and  0.734  ft.Vsec.  The  observational  data  and 
the  computed  constants  appear  numerically  in 
Table  27  and  graphically  in  figure  43.  The 
dots  in  the  figure  represent  points  fixed  by  the 
observations,  and  through  these  have  been 
drawn  curves  conforming  to  formulas  (54)  and 
(5S).  Short  vertical  lines  note  the  positions  of 
the  maxima,  where  R  =  p. 

On  referring  to  the  table,  it  is  seen  that  as  the 
slope  increases  the  values  of  m,  p,  and  a  de- 
crease, while  the  value  of  h^  increases.  With 
steeper  slopes  of  chamicl,  capacity  is  relatively 
less  sensitive  to  changes  in  the  form  of  cross 
section;  with  steeper  slopes,  the  form  of  sec- 
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tion  giving  highest  capacity  for  traction  is  rela- 
tively shallow  and  broad;  with  steeper  slopes, 
the  reduction  of  capacity  through  retardation 
of  the  current  by  the  channel  sides  is  relatively 
small;  and  the  general  effect  of  steepened  slopes 
is  increased  capacity. 

Each  set  of  values  of  a  constant  exhibits  an 
orderly  progression,  marred  only  by  minor  ir- 
regularities due  to  the  inaccuracies  of  graphic 


computation.  The  results  recorded  in  Tables 
28  and  29  are  much  less  orderly.  It  is  to  be 
noted  that  the  remarkable  orderliness  in  the 
present  case  is-  not  due  to  high  precision  of 
the  data  but  to  the  fact  that  the  values  of  C 
and  R  assembled  in  Table  27  had  previously 
been  adjusted,  as  described  in  Cliapter  II,  in  a 
manner  wliich  made  them  orderly  with  respect 
to  slope. 


Table  27. — Observed  and  computed  qiMntities  illustrating  the  influence  of  slope  on  the  relation  of  capacity  to  form  ratio. 


Grade 

Observational  data. 

Constants  of  equations. 

charge 
(ft.=/see.). 

Slope 
(per 
cent). 

Width 
(feet). 

Form 
ratio. 

Capacity 
(gm./sec.) 

m 

/> 

cr 

63 

J, 

(C) 
0.182 

0.6 

0.44 
.66 
1.00 

0.546 
.222 
.113 

8.7 
12.9 
11.4 

0.44 

0.25 

1.22 

34.4 

(  -1.55 

+  .07 

1  +  .28 

1.0 

.44 

.06 
1.00 

.436 

.167 
.086 

24.7 
32.1 
31.2 

.20 

.158 

1.05 

55.5 

(  -  .65 
-  .01 
.  +  .10 

1.4 

.44 

.66 
1.00 

.375 
.138 
.072 

45.3 
57.0 
57.7 

}         .08 

.079 

.94 

75.2 

(-  .46 

{  -  .07 
+  .01 

1.8 

.66 
1.00 

.120 
.063 

87 
90 

}       [.05 

.05 

.95 

110] 

(  -  .08 
\-  .01 

(G) 
0.734 

.66 
1.00 
1.32 

.540 
263 
.164 

16.0 
13.3 
7.9 

I       1.55 

.44 

1.38 

170 

1  -1.42 

+  1.07 
,  +1.26 

1.4 

.66 
1.00 
1.32 

.460 
.222 
.141 

69 
65 
52 

}         .80 

.36 

1.23 

296 

(  -  .50 
+  .42 
,  +  .59 

2.0 

.66 
1.00 
1.32 

.418 
.199 
.128 

149 
145 
125 

..■» 

.32 

1.11 

451 

(  -  .32 

+  .27 

1+  .41 

2.6 

.66 
1.00 
1.32 

.387 
.184 
.120 

253 
249 
222 

.45 

.29 

1.07 

662 

-  .26 
+  .20 
+  .30 

CONTROL    OF    CONSTANTS    BY    DISCHARGE. 

Table  28  and  figure  44  exhibit  quantities  and 
curves  illustrating  the  influence  of  discharge  on 
the  relation  of  capacity  to  form  ratio.  The 
data  employed  are  those  of  grade  (C)  with  a 
channel  slope  of  1  per  cent,  and  of  grade  (G)with 
a  channel  slope  of  2  per  cent.  Of  the  seven 
curves  in  the  figure,  four  were  determined  by 
three  observational  points.  As  three  is  the 
minimum  number  of  given  points  for  the  deter- 
mination of  a  curve  of  this  type,  each  curve 
passes  through  all  the  points.  In  each  of  the 
other  cases  four  points  are  given  by  the  ob- 
servations, and  it  was  not  found  possible  to  pass 
one  of  the  curves  tln-ough  all  the  points.  If 
the  formulas  are  correct,  the  incompatibility 
indicates  errors  of  the  data.  Errors  of  similar 
magnitude  inferably  affect  the  tlu-ee-point 
groups  of  data,  and  this  inference  qualifies  the 
determination  of  the  curves  and  their  equations. 
Of  the  same  general  tenor  is  the  fact  that  the 
four  curves  under  grade  (C),  pertaining  to  dis- 
charges which  increase  in  arithmetic  progres- 


sion, do  not  exhibit  an  orderly  progression  as 
to  shape. 


\ 

.734 


Figure  44.— Relation  of  capacity.  C,  to  form  ratio,  R.  The  yariation 
of  the  function  0=62  (1— a  R  )R"i  with  discharge.  Scale  of  Cvertical; 
scale  of  R  horizontal. 
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Table  28. — Observed  and  computed  qnantities  Ulxstrating  the  influence  of  discharge  on  the  relation  of  capacity  to  form  ratio. 


Grade 

Observational  data. 

Constants  of  equations. 

and 
slope 

Dis- 
charge 
(ft.«/sec.) 

(per 
cent). 

(feet). 

Form 
ratio. 

Capacity 

(gm./sec.). 

m 

P 

a 

b. 

(C) 

0.182 

0.44 

0.436 

24.7 

r  -0.65 

1.0 

.66 
1.00 

.167 
.086 

32.1 
31.2 

0.20 

O.l.W 

1.05 

a5.5 

-  .01 
+  .  10 

.363 

.66 

.264 

73 

-  .84 

1.00 
1.32 

.130 
.082 

85 
79 

.52 

.1.57 

2.18 

340 

+  .13 

+  .30 

1.% 

.043 

60 

+  .42 

.,M5 

.66 

.346 

112 

-  .91 

1.00 
1.32 

.170 
.104 

140 
129 

.40 

.174 

1.64 

392 

+  .01 
+  .  19 

1.96 

.054 

111 

+  .30 

.734 

.86 

.386 

152 

-  .38 

1.00 
1.32 

.190 
.120 

180 
187 

.05 

.061 

.78 

229 

-  .12 

-  .05 

1.96 

.063 

190 

-  .00 

(0) 

.363 

.66 

.260 

56 

f  -1.15 

2.0 

1.00 
1.32 

.128 
.082 

45.2 
38.3 

1.52 

.215 

2.80 

1,611 

+  .96 
+  1.22 

.734 

.66 

.418 

149 

-  .32 

1.00 

.199 

145 

.55 

.320 

1.11 

451 

+  .27 

1.32 

.128 

125        : 

+  .41 

I.'IW 

.66 

.532 

227       ; 

-  .96 

I.OO 

.260 

268 

.58 

.,322 

1.14 

.830 

+  .16 

1.32 

.165 

238 

1 

1 

I  +  .35 

The  same  incongruities  of  course  character-     constants  for  grades  (B)  and  (C)  vnih  those  for 


the  coarse  grade  (G),  we  find  that  m,  p,  and  a 
are  all  relatively  small  for  the  fuie  grades,  or 


ize  the  tabidated  numerical  results.  Increase 
of  discharge  is  accompanied,  in  the  main,  by 
diminution  of  /n  and  a,  but  the  Indications  are 
inconclusive  as  to  p  and  62. 

CONTROL  OF  CONSTANTS  BY  FINENESS. 

With  reference  to  the  influence  of  fineness  of 
debris,  the  comparative  data  are  restricted  to 
three  grades.  Table  29  and  figure  4.5  record 
the  data  and  results  for  grades  (B),  (C),  and 
(G),  with  use  of  a  single  slope  and  a  single  dis- 
charge. The  curves  for  grades  (B)  and  (C), 
which  fall  close  together,  are  so  different  in 
form  as  to  intersect;  and  the  difference  sho^vn 
by  the  forms  is  otherwise  expressed  by  incon- 
gruities among  the  values  of  constants.  With 
the  exception  of  6,,  the  constants  for  grade  (B) 
are  intermediate  between  those  of  the  other 
grades,  whereas  the  intermediate  grade  is  (C). 
If  we  ignore  this  incongruity  and  compare  the 

Table  29. — Observed  and  computed  quantities  illustrating  the  influence  of  the  fineness  of  debris  on  the  relation  of  capacity 

to  form  ratio. 
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Figure  45.— Relation  of  capacity,  C,  to  form  ratio,  jR.  The  variation 
of  the  function  T— 62  il  —  aR)  Rm  withlineness  of  dft)ris.  Scale  of  C 
vertical;  scale  of  R  horizontal. 

vary  inversely  with  fineness,  while  Sj  varies 
directly  with  fineness.  The  variations  of  m 
and  p  are  more  pronounced  than  that  of  a. 


Slope 
(per  cent) 

Observational  data 

Constants  0 

f  equations.                ! 

and  dis- 

Grade 

charge 

and 

Width 

Form 

Capacity 

62 

(ft.5/sec.). 

fineness 

(feet). 

ratio. 

(gm./sec.). 

Tn 

(F,). 

0.8 

(B) 

1.00 

0.217 

138 

1 

f  -0.09 

0.734 

13,400 

1.32 
1.96 

.120 
.064 

139 
130 

0.20 

0.16 

1.04 

242 

•     -1-  .06 
-1-  .13 

(C) 

.66 

.440 

107 

-  .48 

5,460 

1.00 
1.32 

.214 
.134 

130 
133 

.12 

.120 

.85 

191 

1  -  .10 
1  -  .01 

1.96 

.070 

131 

) 

il   +  .06 

(0) 

.66 

.540 

16 

If  -1.42 

5.9 

1.00 
1.32 

.263 
.164 

13.3 
7.9 

1.55 

.44 

1.38 

170     \    -1-1.07 
I   -(-1.26 
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SPECIAL    GROUP    OF    OBSERVATIONS. 

The  special  group  of  observations  recorded 
in  Table  4  (I),  page  51,  were  arranged  largely 
for  the  purpose  of  defining  p,  the  optimum  form 
ratio.  They  differed  from  the  main  body  of 
observations  in  that  the  interval  between  the 
discharges  employed  and  the  interval  between 
the  widths  employed  were  both  smaller;  and 
they  were  restricted  to  a  single  grade  of  debris. 
They  had  the  advantage  of  an  experimental 
method  beheved  to  be  the  best  developed  in  the 
laboratory;  and  in  view  of  this  advantage  their 
series  were  constituted  of  fewer  individual  ob- 
servations than  those  of  the  main  body  of  ex- 
periments. The  results  have  not  been  satis- 
factory, and  attempts  at  formulation  in  the 
present  connection  have  developed  marked  in- 
congruities. In  figure  46  three  curves  are 
given,  and  the  corresponding  numerical  data 
appear  m  Table  30.  Each  curve  is  based  on 
five  observational  points,  but  they  are  so  irregu- 
larly placed  that  their  control  is  feeble. 

On  comparing  the  two  cases  having  the 
same  discharge,  it  is  seen  that  the  greater 
slope  is  associated  with  the  smaller  values  of 
m,  p,  and  a  and  with  the  greater  value  of  62, 


the  difi'erence  being  most  strongly  marked  for 
m  and  p.  On  comparing  the  two  cases  having 
the  same  slope,  it  is  seen  that  the  greater  dis- 
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Figure  46.— Relation  of  capacity,  C,  to  form  ratio,  It.  Variation  of 
the  fimction  C=}i'<{\—ccR)Ri^  with  slope  and  discharge.  Data  from 
special  group  of  experiments  with  debris  of  grade  (C).  Scale  of  C 
vertical;  scale  of  R  horizontal. 

charge  is  associated  with  the  smaller  values  of 
m  and  p  and  with  the  larger  value  of  6j,  while 
the  values  of  n  are  nearly  equal. 


-Observed  and  computed  quantities  iUitstrating  the  influence  of  slope  and  discharge  on  the  relation  of  capacity 

to  form  ratio. 


Grade. 

Discharge 
(ft.^</sec.). 

Observational  data. 

Constants  o 

f  equation 

Slope 
(per 
cent). 

Width 

(feet). 

Form 
ratio. 

C 

,n 

P 

(T 

b. 

(C) 

0.734 

1.1 

1.0 
1.2 

0.190 

.143 

230 
240 

f  -0.25 

-  .07 

1.4 

.108 

240 

I        0.3 

0.123 

1.88 

586 

+  .05 

1.6 

.079 

231 

+  .12 

1.8 

.072 

230 

I  +  .14 

i.ng 

.6 

1.2- 

1.4 

.216 
.180 

114 
125 

[   -  .72 

-  .35 

1.6 

.140 

131 

.5 

.129 

2.58 

546 

{  -  .06 

1.8 

.122 

125 

+  .05 

1.96 

.102 

130 

[  +  .15 

1.119 

1.1 

1.2 
1.4 

.185 
.145 

350 

400 

[  -  .34 

-  .28 

1.6 

.108 

400 

1           ■' 

.048 

1.90 

643 

-  .16 

1.8 

.091 

418 

-  .11 

1.96 

.078 

420 

[  -  .07 

SI^MMAKY    .\S    TO    CONTROL    BY    CONDITION.S. 

The  treatment  of  the  observational  data  by 
means  of  a  formula  sj)eciaUy  designed  to  show 
the  relation  of  capacity  for  traction  to  the 
proportions  of  the  cross  section  develops 
incongruities.  These  are  of  such  distribution 
as  to  indicate  that  they  are  due  in  chief  part 
to  the  observations  and  theii-  methods  of 
adjustment.     Discrepancies  which  manifestly 


pertain  to  the  data  are  so  large  that  it  is  not 
practicable  to  determine  whether  the  imper- 
fections of  the  formula  are  important. 

The  exponent  m  varies  inversely  with  slope, 
with  d^'scharge,  and  with  fineness.  Thus  all 
the  conditions  which  tend  to  increase  capacity 
tend  also  to  make  capacity  less  sensitive  to 
changes  in  form  ratio. 

The  optimum  foi'm  ratio,  p,  varies  inversely 
with  slope  and  with  fineness.     As  to  its  varia- 
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tion  with  discharge  the  evidence  is  not  unani- 
mous: either  it  varies  inversely  under  some 
circumstances  and  directly  under  others,  or 
else  its  proper  variation  is  hiverse  and  data 
of  contrary  import  are  erroneous.  The  latter 
view  is  thought  more  probable,  because  in 
man}'  other  connections  the  controls  of  slope 
and  discharge  follow  parallel  lines. 

The  constant  <v,  which  represents  the  resist- 
ance of  side  walls  or  banks  to  the  flow  of  the 
stream,  is  also  a  decreasing  function  of  slope, 
discharge,  and  fineness. 

The  constant  &21  which  is  of  the  unit  of 
capacity,  varies  directly  with  slope  and  in- 
versely with  fineness,  and  the  evidence  as  to 
its  variation  with  discharge  is  conflicting.  As 
b-  is  the  value  of    capacity  when 

a-nR)  R'"=l,  or('l---^V'""=l 

V  p    171  +  1/ 

it  corresponds  to  a  rather  compUcated  relation 
between  R,  m,  and  a,  or  R,  m,  and  p;  and  this 
relation  makes  the  interpretation  of  the  lack  of 
order  among  its  tabulated  values  a  difficult 
matter. 

If  &2  is  left  out  of  the  accoimt,  it  is  possible 
to  generahze  by  saying  that  the  constants  of 
equations  (54)  and  (58)  vary  decreasingly  with 
the  conditions  which  affect  capacity  increas- 
ingly. 

7n  =  fi^,Q.P) (61) 

p  =  M^,i,P) (62) 

«=/n(^,  ^.P) (6.3) 

THE  OPTIMUM  FORM  RATIO. 

The  ratio  of  depth  to  width  wliich  gives  to 
a  stream  its  greatest  capacity  for  traction  is  of 
importance  to  the  engineer  whenever  he  has 
occasion  to  control  the  movement  of  debris. 
The  title  optimum  ratio  is  esp3cially  appropriate 
when  liis  desire  is  to  promote  that  movement. 

The  range  of  values  for  the  ratio,  under  lab- 
oratory conditions,  is  from  1:2  to  1 :  20.  One 
effect  of  this  wide  range,  when  taken  in  connec- 
tion with  the  variety  of  conditions  by  which 
the  ratio  is  controlled,  is  to  comphcate  the 
formulation  of  practical  rules;  but  this  diffi- 
culty is  not  insuperable.  It  is  quahfied  to  an 
important  degree  by  the  consideration  that 
capacity,  in  the  region  of  its  maximum,  changes 
very  slowly  with  change  of  ionn  ratio,  so  that 


an  approximate  determination  of  the  ratio  has 
practical  value. 

The  values  of  the  ratio  given  in  Table  .31  are 
appropriate  to  the  conditions  of  the  Berkeley 
laboratory — that  is,  they  pertain  to  troughs  a 
few  inches  or  a  few  feet  wide,  with  smooth 
vertical  sides.  It  is  important  to  note  also  that 
they  apply  only  to  transportation  of  debris 
over  a  bed  of  debris,  and  not  to  flume  traction, 
which  has  a  different  \&w.     (See  p.  213.) 

Table  31. — Estimated  ratio:!  0/  depth  0/  current  to  iridlh  0/ 
trough,  to  enable  a  given  discharge,  on  a  given  slope,  to 
transport  its  maximum  load. 


Material  transported. 

Slope 
(per 
cent). 

Ratio  for  discharge  (ft.Vsec 

)of- 

0.25 

0.50 

0.75 

1.00 

(      0.5 

1.0 

\      2.0 

(       1.0 
\       2.0 
(      3.0 

1:4 
1:6 
1:10 

1:6 
1:9 
1:16 

1:8 
1:12 
1:20    . 

1:25 
1:3 
1:4 

1:9 
1:15 

1:3 

Coarse  sand  or  fine  gravel 

"i:2" 

1:25 
1:3 

1:5 
1:7 

No  way  has  been  found  to  extend  the  quan- 
titative results  to  rivers.  It  can  hardly  be 
questioned  that  the  optimum  ratio  for  rivers 
varies  inversely  with  slope,  discharge,  and 
fineness  of  debris,  but  its  absolute  amount  can 
not  be  inferred  from  the  experimental  results. 
River  slopes  are  relatively  very  small  and  river 
discharges  are  relatively  very  large,  and  the 
two  differences  affect  the  ratio  in  opposite 
ways.  To  compute  the  joint  result  we  should 
have  definite  and  precise  information  as  to  the 
laws  of  dependence,  but  our  actual  knowledge 
is  quaUtative  and  vague. 

In  this  connection  it  is  of  interest  to  record  a 
single  observation  on  river  efficiency.  Where 
Yuba  river  passes  from  the  Sierra  Nevada  to 
the  broad  Sacramento  Valley  its  habit  is  rather 
abruptly  changed.  In  the  Narrows  it  is  nar- 
row' and  deep;  a  few-  miles  downstream  it  has 
become  wide  and  shallow.  Its  bed  is  of 
gi-avel,  with  slopes  regulated  by  the  river 
itself  when  in  flood,  and  the  same  material 
composes  the  load  it  carries. 

In  the  Narrows  the  form  ratio  during  high 
flood  is  0.06  and  the  slope  is  0.10  per  cent. 
Tvvo  miles  downstream  the  form  ratio  is  O.OOS 
and  the  slope  is  0.34  per  cent.  Thus  the 
energy  necessary  to  transport  the  load  where 
the  form  ratio  is  0.008  is  more  than  three  times 
that   which   suffices  where    the   form   ratio    is 
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0.06;  and  it  is  evident  that  the  larger  ratio  is 
much  more  efficient  than  the  smaller.  The 
data  do  not  serve  to  define  the  optimum  form 
ratio,  but  merely  show  that  it  is  much  greater 
than  0.008.  In  this  instance  the  slopes  and 
fineness  are  of  the  same  order  of  magnitude  as 
those  realized  in  the  laboratory,  but  the  dis- 
charges are  of  a  higher  order. 

Wlien  water  without  detrital  load  is  con- 
veyed by  an  open  rectangular  conduit,  the 
form  ratio  of  highest  efficiency  is  that  which 
yields  the  highest  mean  velocity.  It  is  ap- 
proximately 1:2.  This  corresponds  to  the 
maximum  value  of  the  optimum  ratio  for  trac- 
tion, and  the  correspondence  might  have  been 
expected  on  theoretic  grounds.  The  two  fac- 
tors which,  in  ultimate  analysis,  determine 
capacity  for  traction  are  velocity  of  current 
along  the  bed  and  width  of  bed.  When  dis- 
charge and  slope  are  such  as  barely  to  afford 
competence  with  the  most  favorable  form 
ratio,  that  ratio  is  one  giving  the  highest 
velocity,  namely,  1:2.  The  other  factor, 
width  of  bed,  is  evidently  favored  by  lower 
values  of  R;  and  therefore,  as  the  conditions 
recede  from  the  limit  of  competence,  the  opti- 
mum form  ratio  becomes  smaller.  Tliis  line 
of  reasoning  might,  in  fact,  have  been  used  to 
show  a  priori — what  has  actually  been  shown 
by  the  experiments — that  the  value  of  p  varies 
inversely  with  slope,  discharge,  and  fineness. 

SUMMARY. 

Capacity  for  traction  varies  with  the  depth 
of  the  current,  being  approximately  (though 
not  precisely)  proportional  to  a  power  of  the 
depth.  Capacity  varies  also  with  the  width 
of   the  current,  being  approximately  propor- 


tional to  the  width  less  a  constant  width. 
This  constant  width  is  equivalent  to  the  prod- 
uct of  the  depth  by  a  numerical  constant. 
When  the  discharge  is  constant,  any  change  of 
width  causes  a  change  of  depth  and  also   a 

change  of  form  ratio,  R  =  —.     A  formula  for  the 

variation  of  capacity  in  relation  to  form  ratio, 
when  the  discharge  is  constant,  is  based  on  the 
above-mentioned  properties  and  takes  the 
form 

r=  &2  (1  -  a  i?)  i?™ _  ^  (.54) 

in  which  a  is  a  numerical  constant;  or 


C=h{\ 


in  which  p  is  the  optimum  form  ratio,  or  the 
form  ratio  giving  tlie  highest  capacity. 

That  capacity  should  have  a  maximum  value 
corresponding  to  some  particular  value  of  form 
ratio  is  made  to  appear  from  theoretic  con- 
siderations, and  the  fact  of  a  maximum  is 
shown  by  the  experimental  data.  The  same 
data  show  that  the  optimum  form  ratio  has 
different  values  under  different  conditions,  its 
values  becoming  smaller  as  slope,  or  discharge, 
or  fineness  increases. 

The  sensitiveness  of  caj)acity  to  the  control 
of  form  ratio  is  indicated  in  the  formulas  by 
the  exponent  of  B,  and  that  also  varies  with 
conditions.  It  becomes  smaller  as  slope,  or 
discharge,  or  fineness  increases. 

It  is  believed  that  all  the  generalizations 
from  the  laboratory  results  may  be  applied  to 
natural  streams,  but  only  in  a  qualitative  way; 
the  disparity  of  conditions  is  so  great  that  the 
numerical  results  can  not  be  thus  applied. 
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FORMULATION  AND  REDUCTION. 

As  a  condition  t-ontrolling  the  capatity  of  a 
stream  for  the  traction  of  debris,  discharge  is 
the  coordinate  of  slope.  Each  of  the  two  fac- 
tors is  proportional  to  the  potential  energy  of 
the  stream,  on  which  traction  depends;  and  the 
control  of  each  is  exercised  thi'ough  the  control 
of  velocity.  Their  fundamental  difference  in 
relation  to  traction  is  connected  with  depth  of 
current.  When  velocity  is  augmented  by  in- 
crease of  slope,  the  depth  is  reduced;  when  it  is 
augmented  by  increase  ol  discharge,  the  depth 
is  increased.  Notwithstanding  this  difference, 
the  relations  of  capacity  to  cUscharge  parallel 
those  of  capacity  to  slope  to  a  remarkable 
extent.  Thanks  to  this  parallelism,  the  discus- 
sions of  the  present  chapter  may  be  based  in 
considerable  part  on  those  which  have  preceded. 

The  data  for  the  comparison  of  capacity  with 


discharge  are  contained  in  Table  12.  In  each 
division  of  that  table  assigned  to  a  grade  of 
debris  are  a  number  of  subdivisions  pertaining 
severally  to  particular  widths  of  channel.  Each 
column  of  such  a  subdivision  pertains  to  a  par- 
ticular discharge  and  contains  a  series  of  ad- 
justed capacities  corresponding  to  an  orderly 
series  of  slopes.  The  values  of  capacity  con- 
nected with  the  same  slope  and  comprised  in 
the  same  subdivision  constitute  a  group  illus- 
trating the  relation  of  capacity  to  discharge. 
Table  32  contains  in  its  upper  part  a  number  of 
such  groups,  selected  and  arranged  for  the  pres- 
ent purpose.  So  far  as  practicable  they  per- 
tain to  the  same  slope,  but  it  was  not  possible  to 
secure  absolute  uniformity  in  this  respect  and 
at  the  same  time  make  the  representation  in- 
clude data  of  all  the  grades  of  debris.  For 
grades  (A)  to  (E)  the  slope  is  1.0  per  cent;  for 
grades  (F)  to  (H),  1.2  per  cent. 


Table  32 


-Data  on  the  relation  of  capacity  to  discharge,  with  readjusted  vahie 
relative  variation,  i,. 


of  capacity,  Cr,  atid  vahifs  of  the  index  of 


Grade      

(A) 
1.0 
.66 

(A) 
1.0 
1.00 

(A) 
1.0 
1.32 

(A) 
1.0 
1.96 

(B) 
1.0 
.23 

(B) 
1.0 
.44 

(B) 
1.0 
.66 

(B) 
1.0 
1.00 

(B) 
1.0 
1.32 

(B) 

ercent).. 
eet) 

IWidth  t 

1.96 

Q 

C 

c 

C 

C 

C 

C 

C 

C 

C 

C 

1      0.093 
.182 
.363 
.545 
.734 
1.119 

[14.8] 
39.5 

7.8 
13.3 

13.2 
28.7 

10.8 
33.5 
81 
120 

37.5 
100 

36.8 
104 

30.1 

85 
143 
199 

29.3 

79 
140 
204 

. 

96 

140 

231 

250 

240 
359 

i 

1        ' 
1       h 

.028 
1.08 
290 

.048 
1.05 
370 

.067 
1.09 
389 

.105 
1.00 
367 

.002 
.79 
49.5 

.017 
1.00 
170 

.033 
1.13 
270 

.057 
1.12 
313 

.080 
1.06 
313 

.125 

312 

a 

Cr 

Cr 

Cr 

Cr 

Cr 

Cr 

Cr 

Cr 

Cr 

Cr 

f      0.093 
.182 
.363 
.545 
.734 
1.119 

15.1 
38.5 
89 
142 

7.8 
13.3 

13.2 

28.7 

11.1 
31.6 

77 
127 

99' 
167 
231 

37.0 
103 

174 
250 

30.3 

83 
140 
201 

28.5 

83 
140 
201 

96 
159 
234 
370 

"   '' 



« 

U 

is 

!3 

"3 

"3 

h 

is 

13 

is 

h 

0.093 

1.54 

1.28 
1.17 
1.14 

0.81 
.80 

1.21 
1.10 

1.75 
1.38 
1.24 
1.20 

.182 
.363 
.545 
.734 

1.43 
1.21 

1.15 
1.12 

1.72 
1.33 
1.24 
1.20 

1.63 
1.33 
1.25 
1.21 

1.89 
1.36 
1.24 
1.19 

Index  of  relative  variation 

i.4i 

1.24 
1.17 
1.10 

1 

1 

I 

'r       r 

1 

4.8 
2.4 

1.4 
0.7 

2.4 
1.2 

! 

"■ 
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Table  32. — Data  on  the  relation  of  capacity  to  discharge,  with  readjusted  values  of  capacity.  fV-  end  values  of  the  index  of 

relative  variation,  i^ — Continued. 


(Grade 

Conditions ^Slope 

Width 

(C) 

1.0 
.44 

(C) 
1.0 
.66 

(C) 
1.0 
1.00 

(C) 

(C) 

(D) 

CDV 

(D) 
1.0 
1.32 

(E) 

percent)-, 
(feet) 

1.0 
1.32 

1.0 
1.96 

1.0        1       i.o 
.66       ■        1.00 

1.0 
.66 

Q 

C 

C 

c 

■    C 

C 

c 

C 

C 

f 

0.093 
.1.82 
.363 
.545 
.734 
I        1.119 

10.9 
24.7 

13.  S 
32.1 
73 

112 

152 

9.1 

29.8 

31.2 
85 
140 

21.4 
79 
129 

24.0 
73 

108 

60 
111 
190 
343 

59.2 

Data 

101 

276 

1 

.020 
1.02 

157 

.041 
.94 
213 

.071 
1.00 
285 

.099 
1.05 
305 

.156 
1.14 

354 

.059 
.90 
195 

.102 

.88 
224 

.143 

.81 
201 

.108 

Q 

C, 

Cr 

Cr 

Cr 

Cr 

Cr 

Cr 

Cr 

Cr 

1        0.093 
.182 
.363 
..545 
.734 

I        1.119 

10.9 
24.7 

13.2 
33.9 
74 

112 

151 

9.2 
29.6 
67 
102 

33.0 

84 
135 

187 
299 

22.0 

75 
130 
190 

24.3 

69 
110 
151 

59 
120 
190 
340 

59.2 
97 
131 

Readjusted  capacities 

Q 

h 

h 

!3 

'3 

13 

h 

h 

is 

U 

1        0.093 
.182 
.363 
.545 
.734 
1.119 

1.30 
1.14 

1.68 
1.21 
1.06 
1.02 
1.00 

2.46 
1.33 
1.07 
1.01 

1.64 
1.24 

1.15 
1.11 
1.07 

2.30 
1.44 
1.28 
1.21 

2.00 
1.22 

1.08 
1.02 

2.00 
1.60 
1.45 
1.32 

1.33 
1.10 
1.01 

Index  of  relative  variation 

i         Cr 

2.2 
1.0 

3.6 
1.6 

2.7 
1.3 

2.9 
1.5 

2.4 
1.2 

(Grade 

Conditions isiope  ( 

[width 

(E) 
1.0 
1.00 

(E) 
1.0 
1.32 

(F) 
1.2 
.66 

(F) 
1.2 
1.00 

(F) 
1.2 
1.32 

(G) 
1.2 
.66 

(G) 

(G) 

(H) 
1.2 
.66 

percent).. 
(feet) 

1.2         1       1.2 
1.00              1.32 

Q 

c 

C 

C 

C 

C 

C 

C 

C 

C 

1        0.093 
.1,S2 
.363 
.545 
.734 
1.119 

14.8 
33.8 

9.3 
29.9 

4.2 

22.8 

36.3 

21. i 

14.8 

9.7 

72 
138 

73 
123 

55.3 

63 
112 

61.6 
101 

48.3 
75 

44.0 
92 

33.8 
81 

24.6 

1     i 

.188 

.263 

.139 

.242 

.339 

.199 
.94 
.83 

.345  1            .433 

.233 

Q 

Cr 

Cr 

Cr 

Cr 

Cr 

Cr 

Cr                  Cr 

Cr 

(        0.093 
.182 
.363 
.545 
.734 
1.119 

1 

TS               . 

15.1 

4.2 



46 
76 

1 

22  5 



Q 

i. 

' 

la                    i, 

I3 

'3 

h 

■ 

h 

0.093 
.1.82 
.363 
.545 
.734 

1.119 

'.......      .  L.  . 

I.       .  . 

Index  of  relative  variation 

2.04 

1 

1.29 
1.22 

1.82 

1.57 

Probable  error  (per  cent) 

(        C 
\         Cr 

1 

1  , 1 
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The  same  data  are  plotted  in  figure  47,  where 
horizontal  distances  represent  logarithms  of  dis- 
charge and  vertical  distances  logarithms  of  ca- 
pacity. For  each  of  the  above-mentioned 
"groups"  the  plotted  points  are  connected  by  a 
series  of  straight  lines,  and  each  of  the  broken 


Figure  47.— Logarithmic  plots  of  the  relation  of  capacity  to  discharge. 
The  horizontal  scale  is  that  of  log  Q,  the  vertical  of  log  C.  The  zeros 
of  log  C  for  the  diHerent  plots  are  not  the  same. 

lines  thus  produced  is  the  rough  logarithmic 
graph  of  an  equation  C^^fiQ).  The  graphs 
arc  arranged  according  to  grades  of  debris,  and 
secondarily  according  to  widtlis  of  channel, 
their  order  from  left  to  right  corresponding  to 
the  sequence  from  narrower  to  broader  channels. 
In    effecting    this    arrangement    graplis    were 


moved  bo<Ulv  up  or  down  but  not  to  the  right  or 
left. 

It  appears  by  inspection  that  the  graphs 
bend  toward  the  right  as  they  ascend.  To  this 
rule  there  are  a  few  exceptions,  but  the  only 
strongly  marked  exceptions  are  connected  with 
grade  (E),  the  data  for  which  have  pre^'iously 
been  recognized  as  anomalous.  As  the  incli- 
nation of  each  line  indicates  the  sensitiveness  of 
capacity  to  the  control  of  discharge,  the  general 
bending  to  the  right,  or  the  reduction  of  inclina- 
tion in  passing  from  lower  to  higher  discharges 
shows  that  sensitiveness  diminishes  as  dis- 
charge increases.  This  feature  is  sinular  to  one 
observed  in  studying  the  relation  of  capacity  to 
slope,  and  as  that  feature  was  found  to  be  con- 
nected with  competence,  the  resemblance  leads 
at  once  to  the  suggestion  that  here  also  is  a  con- 
nection with  competence. 

If  a  very  small  discharge  be  made  to  flow 
over  a  sloping  bed  of  debris  and  the  discharge 
be  gradually  mcreased,  transportation  of  debris 
will  commence  when  the  competent  discharge 
is  reached  and  wiU  increase  with  further  in- 
crease of  discharge.  It  is  a  plausible  hy])othe- 
sis  that  the  capacity  is  more  simply  related 
to  the  excess  of  discharge  above  the  competent 
quantity  than  to  the  total  discharge.  Follow- 
ing the  procedure  in  the  case  of  capacity  and 
slope  we  may  assume  that  capacity  is  propor- 
tional to  a  power  of  the  excess  of  discharge 
above  a  constant  discharge,  the  constant  dis- 
charge being  closely  related  to  competent  chs- 
charge.  In  the  following  formula,  constructed 
on  the  plan  of  equation  (10), 


0=h,{Q-K)«. 


(64) 


K  is  a  constant  discharge  and  63  is  a  constant 
numerically  equal  to  the  value  of  capacity 
when  the  cUscliarge  equals  «-|-l,  although  it  is 
not  strictly  a  capacity.  The  dimensions  of 
capachy  are  J/+'  T-\  of  discharge  L*'  T-\  and 
of  (Q  —  k)°  L'^^' T'";  and  these  values  give  to 
63  the  dimensions  L'""  M^"-  T"-'. 

As  a  prehminary  to  the  adjustment  of  the 
observational  data  of  Table  32  by  this  formula, 
values  of  k  were  graphically  computed  by  the 
method  previously  employed  in  connection 
with  a.  The  computations  were  applied  to  all 
groups  of  values  of  capacity  in  the  table, 
except  such  as  comprise  less  than  three  capaci- 
ties and  except  also  the  aberrant  data  of  grade 
(E).     In  Table   33   the   results   are   arranged 
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with  reference  to  grade  of  debris  and  channel 
width. 

Table  33. —  Values  of  the  discharge  constant,  k,  computed 
from  the  discharges  and  capacities  of  Table  32. 


Grade. 

Value  of  K  when  width  of  channel 
(in  feet)  is— 

0.6S 

1.00 

1.32 

l.gG 

(A) 
(B) 
(C) 

M 

(H) 

0.070 
.095 
.100 
.130 

0.075 
.035 
.030 

0.215 

.000 
.060 

0.056 
.025 
.060 
.149 
.280 
.326 

.1.30 
.160 

.180 



The  tabulated  values  of  k  show  great  irreg- 
ularity. It  is  not  difficult,  however,  to  recog- 
nize a  tendency  to  grow  larger  in  passing  from 
finer  debris  to  coarser;  and  there  is  also, 
though  it  is  ill  defined,  a  tendency  to  increase 
with  increasing  width.  The  cause  of  the  first- 
mentioned  tendency  is  readily  understood, 
because  relatively  coarse  debris  requires  a 
relatively  swift  current  to  move  it;  and  the 
reaUty  of  the  second  also  finds  support  when 
the  conditions  affecting  competent  discharge 
are  considered. 

Postulating,  initially,  a  channel  of  some 
particular  width,  containing  a  stream  of  which 
the  discharge  is  barely  competent,  let  us  assume 
that  the  width  is  increased.  In  spreading  to 
the  new  width  the  stream  loses  depth  and 
velocity,  and  its  velocity  is  no  longer  compe- 
tent. That  the  velocity  may  again  become 
competent  the  discharge  must  be  increased. 
Thus  it  is  in  general  true  that  competent  di-s- 
charge  increases  with  increase  of  width.  In 
the  cross  section  of  a  broad  laboratory  current, 
figure  48,  a  medial  portion,  AA,  is  unaffected 


''h± 


±t 


Figure  48. — Ideal  cross  section  of  a  stream  in  the  e.xperiment  trough, 
illustrating  the  relation  of  competent  discharge  to  width. 


by  side-waU  resistance  and  has  competent 
velocity.  Two  lateral  portions,  AB,  have  less 
than  competent  velocity.  Let  us  imagine 
these  lateral  portions  replaced  by  narrower 
divisions,  AD,  m  which  velocities  are  the  same 
as  in  AA.  The  effective  width  for  the  main- 
tenance of  competent  velocity  is  then  I)I)  = 


w  —  2  BD.  If  now  width  and  discharge  be 
increased  or  diminished,  with  maintenance  of 
competent  velocity,  the  quantity  2  BD  is 
unaffected,  so  that  it  may  be  regarded  as  a 
constant.  Velocities  being,  by  hypothesis, 
uniform  thi-ough  the  whole  space  DD,  the  dis- 
charge is  proportional  to  the  width  of  that 
space. 

Qc  oc  w— a  constant (65) 

This  result  assumes  a  channel  so  wide  that  a 
medial  portion  is  unaffected  by  side-waU  resist- 
ance. It  may  not  be  true  for  narrower  chan- 
nels. If  it  were  to  be  refined,  the  constant 
would  be  found  to  be  a  function  of  depth  (com- 
pare p.  129);  but  in  applying  its  principle  to 
the  values  of  k  no  allowance  was  made  for 
that  factor. 

On  the  theory  that  k  is  closely  related  to 
competent  discharge  and  has  similar  properties, 
and  with  the  assumption  that  (65)  may  be 
applied  to  narrow  channels  as  well  as  broad,  the 
principle  of  (65)  was  used  in  adjusting  the 
tabulated  values  of  k  m  relation  to  width  of 
channel.    The  formula  assumed  was 

K  oc  «'  — 0.2 

The  value  of  the  constant  was  arbitrarily 
fixed,  after  several  trials,  no  criterion  for  selec- 
tion being  discovered  except  the  harmony  of 
results. 

With  the  aid  of  this  formula  it  was  possible 
to  combine  the  data  of  Table  33  in  such  way  as 
to  afford  a  better  view  of  the  relation  of  k  to 
grade,  or  fineness;  and  this  was  done.  By  mul- 
tiplication or  division,  each  value  was  reduced 
to  its  equivalent  for  a  channel  width  of  1  foot, 
and  means  were  taken.  These  means  appear 
in  the  second  line  of  Table  34.  They  were  com- 
pared with  the  mean  diameters  of  particles  for 
the  several  grades,  the  comparison  being  made 
on  logarithmic  section  paper.  In  figure  49, 
showing  this  plot,  the  numbers  indicate 
weights.  While  the  plotted  points  do  not  fall 
well  into  line,  they  leave  no  question  that  the 
value  of  K  rises  as  the  debris  becomes  coarser. 
On  the  assumption  that  the  function  is  a  power 
function,  a  straight  line  was  drawn  to  represent 
it;  and  by  this  line  the  mean  values  of  k  were 
adjusted.  Values  for  the  other  trough  widths 
were  then  computed.    These  appear  in  Table  32, 
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Table  34. — Adjustment  of  system  of  valufs  of  k  for  a  channel  width  of  1  fool  and  slopes  of  1.0  and  1.2  per  cent. 


(A) 

(B) 

(C) 

(D) 

(E) 

(F) 

(G) 

(H) 

0.00100 
.074 
.048 

0.00123 
.078 
.057 

0.00166 
.047 
.071 

0.00358 
.117 
.102 

0.00561 

0. 01040 
.188 
.242 

0.01620 
.367 
.345 

.188 

In  making  these  adjustments  due  account 
was  taken  of  the  fact  that  not  all  the  data  used 
pertam  to  the  same  slope.  Allowance  for  slope 
difference  was  made  in  plotting  the  values  of 
K  to  adjust  for  fineness,  and  agam  in  applying 
the  results  of  that  adjustment.  The  adjust- 
ments for  slope  are  based  on  the  following 
consideration. 

By  use  of  the  data  in  Table  12,  values  of  k 
pertaining  to  the  same  grade  and  width  but 
differing  as  to  slope  were  compared.  In  one 
case  K  appeared  to  increase  with  increase  of 
slope,  but  in  most  cases  it  appeared  to  decrease. 


FiGUEE  49.— Logarithmic  plot  of  «=/■(!>). 

Little  weight,  however,  was  given  to  such 
determinations,  because  it  was  evident  that 
they  were  controlled  by  the  values  of  a,  which 
had  been  somewhat  arbitrarily  assigned  in  the 
first  adjustment  of  the  observations.  A  more 
satisfactory  indication  was  obtained  by  reason- 
ing based  on  the  relative  sensitiveness  of 
capacity  to  the  several  controls  of  slope  and 
discharge.  The  index  of  relative  variation  of 
capacity  with  respect  to  slope  being  i^,  we  may 
designate  the  corresponding  index  with  respect 
to  discharge  by  i^.  As  capacity  varies  simul- 
taneously with  S'^  and  Q''>  it  is  evident  that  for 
any  particular  value   of  capacity  5"'   and  Q'" 


vary    inversely.     The    proportion     Q'"    oc      7 
vields  , 

«  «-^ 

From  a  discussion  of  the  relations  of  the  two 
indexes,  to  be  found  on  a  later  page  of  the 
present  chapter,  it  appears  that  the  average 
ratio  of  i^^  to  i^  is  1.36  but  that  the  ratio  varies 
somewhat  with  conditions.     For  the  condition 

C=0  it  is  assumed  to  be  1.3;  or/c  oc  — — • 

While  considerable  uncertamty  attaches  to 
the  numerical  relations,  there  can  be  no  ques- 
tion that  K  varies  directly  with  width  and 
inversely  with  fineness  and  slope.  As  any 
change  in  width  affects  the  form  ratio  in  the 
opposite  sense,  we  may  write 

K=f{^,F,ii) (6G) 

A  system  of  values  of  k  having  been  thus 
arranged,  logarithmic  plots  were  made  of  the 
capacities  of  Table  32,  in  relation  to  Q  —  k,  and 
straight  lines  were  drawn  representmg  equa- 
tions of  the  type  of  (64).  In  cases  where  the 
plotted  points  did  not  fall  well  in  line,  recourse 
was  had  to  weights  based  on  the  probable 
errors  recorded  in  Table  12.  The  lines  thus 
drawn  gave,  by  then-  inclinations  and  intersec- 
tions, the  values  of  the  other  parameters,  o  and 
63,  as  well  as  the  adjusted  values  of  capacity, 
Cr,  all  of  which  are  presented  m  Table  32.  The 
plots  for  data  of  grades  (E)  and  (F)  and  for 
two  of  the  three  groups  under  grade  (G) 
exhibited  so  great  irregularities  that  it  was 
decided  not  to  use  them. 

The  similarity  of  equation  (64)  to  equation 
(10)  makes  it  unnecessary  to  repeat  the  reason- 
ing by  which  (38)  was  educed,  and  the  equation 
for  the  index  of  relative  variation  for  capacity 
in  relation  to  discharge  may  be  written  directly: 


B3'  its  use  the 
computed. 


"alut 


oQ 
Q-, 

of  i. 


(67) 

in  Table  32  were 
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MEASURES    OF    PRECISION    AND    THEIR 
INTERPRETATION. 

In  IG  of  the  columns  of  Table  32  the  values 
of  capacity  before  and  after  adjustment  consti- 
tute data  suitable  for  the  computation  of 
probable  errors.  As  the  number  of  residuals 
is  in  each  case  small,  the  particular  values  of 
probable  errors  (recorded  at  the  bottom  of  the 
table)  are  not  themselves  of  high  precision;  but 
the  averages  have  greater  claim  to  attention. 
It  should  be  added  that  the  residuals  were 
treated  as  of  equal  weight,  despite  the  fact 
that  in  the  adjustment  which  determined  them 
the  relative  weights  of  the  observational  data 
were  recognized. 

The  probable  errors  of  the  \ipper  line,  marked 
"  C"  pertain  to  the  adjusted  values  of  capacity 
taken  from  Table  12,  which  are  here  treated  as 
observations.  The  probable  errors  of  the  lower 
line,  marked  "  Cr,"  pertain  to  the  groups  of 
readjusted  values  of  capacity. 

The  average  probable  error  (or,  strictly,  the 
mean  of  the  nine  tabulated  errors)  of  the  read- 
justed capacities  is  ±1.3  per  cent.  The  cor- 
responding average  for  the  capacities  before 
readjustment  is  ±2.64  per  cent. 

It  is  of  interest  to  compare  the  last  figure 
with  the  previously  computed  average  probable 
error  of  the  adjusted  values  of  capacity  in 
Table  12,  namely,  ±2.50  per  cent.  The  earlier 
estimate  applies  to  66  series  of  values,  the  later 
to  36  values  taken  from  36  of  the  series.  The 
36  values  may  be  regarded  as  properly  repre- 
sentative of  the  series  from  which  they  come. 
Of  the  unrepresented  series,  a  portion  escaped 
because  the  values  they  furnished  to  Table  32 
fell  in  groups  of  less  than  four,  and  such  a 
group  did  not  afford  suitable  data  for  computa- 
tion of  probable  error.  The  others  were  omitted 
because  the  groups  they  constituted  involved 
incongruities  so  great  that  they  were  rejected  in 
the  readjustment.  The  omission  of  incongru- 
ous groups  evidently  had  the  effect  of  lowermg 
the  estimate  of  average  probable  error,  and  to 
give  validity  to  the  comparison  due  allowance 
should  be  made  for  that  effect.  The  discarded 
values  were  accordingly  treated  so  far  as  neces- 
sary to  compute  their  probable  errors,  and  it  was 
found  that  by  the  inclusion  of  t hese  the  estimate 
of  average  probable  error  was  raised  from  2.64  to 
3.2  per  cent.     The  revised  estimate  is  believed 


to  be  properly  comparable  with  the  earlier  esti- 
mate of  2.50  per  cent.  It  will  be  recalled  that 
the  original  observations  were  characterized  by 
accidental  errors,  ascribed  chiefly  to  rhjrthm,  and 
by  systematic  errors,  ascribed  chiefly  to  methods 
of  observation.  The  nature  of  the  first  adjust- 
ment was  such  that  its  computed  probable 
errors  were  little  affected  by  the  errors  of  the 
second  class.  The  adjustment  was  condi- 
tioned by  a  formula  involving  the  assumption 
that  capacity  varies  as  a  power  of  {S  —  a),  and 
also  by  various  assumptions  involved  in  the 
arrangement  of  a  system  of  values  for  a.  What- 
ever errors  were  introduced  in  connection  with 
these  assumptions  tended  to  increase  the  esti- 
mates of  probable  error;  but  they  may  also  be 
supposed  to  have  aggravated  somewhat  the 
errors  of  the  class  not  covered  by  the  computa- 
tions of  probable  error. 

The  errors  falling  outside  the  estimates  of 
probable  error  were  largely  of  such  nature  as  to 
affect  an  observational  series  in  its  entirety, 
and  it  was  expected  that  they  would  be  re- 
vealed in  the  failuie  of  groups  of  quantities 
taken  from  different  series  to  exhibit  an  orderly 
sequence.  Abundant  evidence  of  their  exist- 
ence has  been  encountered  in  various  discus- 
sions, including  the  control  by  conditions  of  the 
sensitiveness  of  capacity  to  slope,  of  the  sen- 
sitiveness of  capacity  to  form  ratio,  of  the 
value  of  the  optimum  form  ratio,  and  of  the 
value  of  the  constant  k;  but  the  present  dis- 
cussion is  the  only  one  affording  an  estimate  of 
their  magnitude. 

Assuming  that  the  estimate  of  2.5  per  cent 
represents  the  mfluence  of  a  restricted  class  of 
errors,  and  that  the  estimate  of  3.2  per  cent 
represents  the  jomt  influence  of  that  class  and  a 
second  class,  the  independent  mfluence  of  the 
second  class  is  represented  by 

V3.2=-2.5-=  ±2.0  per  cent 

The  mdication  is  that  the  two  classes  of  errors 
are  of  nearly  equal  importance.' 

These  results  are  qualified  by  the  fact  that 
the  esthnate  of  3.2  per  cent  mcludes  not  only 
the  errors  of  the  adjusted  values  of  capacity  in 

^  The  considerations  making  it  probable  that  ±2.5  per  cent  is  an  over- 
estimate for  the  average  error  of  the  first  class  (p.  74)  do  not  apply  to  the 
estimate  of  ±3,2  for  the  combined  error.  If  the  average  error  for  the  first 
class  is  as  low  as  ±2.0  per  cent,  the  computed  average  for  the  second 
class  becomes  ±2.5  per  cent. 
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Table  12,  but  also  whatever  errors  affect  the 
method  of  adjustment  in  connection  with  the 
discussion  of  the  control  of  capacity  by  dis- 
charge. That  method  includes  the  assump- 
tion that  capacity  varies  as  a  power  of  (Q  —  k) 
and  also  certain  assumptions  as  to  the  control 
of  K  by  various  conditions.  If  the  errors  in- 
volved in  those  assumptions  could  be  elimi- 
nated or  discriimnated,  the  general  estimate 
for  the  values  in  Table  12  would  be  somewhat 
reduced. 

As  the  chief  result  of  this  discussion,  the 
general  precision  of  the  main  body  of  material 
contributed  by  the  Berkeley  experiments  is 
characterized  by  an  average  probable  error 
slightly  in  excess  of  3  per  cent. 

This  estimate  applies  specifically  to  the  ad- 
justed capacities  of  Table  12  as  those  capacities 
are  related  to  slope  and  discharge,  and  it  can 
not  be  extended  to  derivatives  of  those  capaci- 
ties without  qualification.  It  is  believed  that 
the  precision  of  the  readjusted  capacities  of 
Table  32  is  higher,  and  also  that  of  the  values 
of  7i  in  Table  23,  but  that  the  values  of  %,  j^, 
and  %,  in  Tables  15,  16,  and  32,  rank  lower. 

In  the  adjustment  of  the  observations  on 
capacity  in  relation  to  slope,  and  also  in  the 
adjustment  of  observations  on  depth  and  slope, 
many  cases  were  treated  in  which  the  observa- 
tions were  either  not  sufficiently  numerous  or 
not  sufficiently  harmonious  to  afford  good  con- 
trol of  the  parameters  of  the  adjusting  equa- 
tions. In  such  cases  the  parameters  were  esti- 
mated in  groups,  with  orderly  sequences  of 
values.  A  similar  method  was  employed  also 
in  readjustments  in  relation  to  discharge. 
While  this  procedure  appeared,  and  still  ap- 
pears, to  be  the  best  practicable,  it  can  hardly 
fail  to  introduce  a  certain  amount  of  error. 
The  terms  of  the  adjusted  sequences  are  in- 
evitably associated  with  different  form  ratios; 
and  the  laws  connectuig  form  ratio  with 
capacity  are  so  different  from  the  other  laws 
of  the  system  as  to  determine  sequences  less 
sunple  than  those  actually  used.  The  ideal 
adjustment  would  take  sunultaneous  cogni- 
zance of  the  complicated  interrelations  of 
capacit}",  slope,  discharge,  and  form  ratio; 
but  such  comprehensive  treatment  can  not 
bo  attempted  with  profit  until  we  have  a 
better   theoretic    knowledge    of    the    physical 


CONTROL    OF    RELATIVE    VARIATION    BY 
CONDITIONS. 

The  sensitiveness  of  capacity  to  changes  of 
discharge  is  indicated  by  %,  the  index  of  rela- 
tive variation.  Inspection  of  the  values  of  that 
index  recorded  in  Table  32  shows  that  they 
vary  inversely  with  discharge  and  directly 
with  \vidth,  and  both  these  tendencies  are  also 
to  be  inferred  from  the  lines  of  figure  47. 

The  table  further  indicates  that  the  rate  of 
change  in  the  mdex  m  response  to  change  of 
discharge  is  greater  for  small  discharges  than 
for  large.  This  feature  might  also  have  been 
inferred  from  the  plotted  lines,  but  its  system- 
atic expression  in  the  table  is  a  product  of  the 

formula,  {3=..  _   ,  by  which    the  values  were 

computed. 

The  relation  of  the  index  to  width  of  channel 
is  not  similarly  dommated  by  the  formula, 
although  somewhat  mfluenced  by  the  assign- 
ment of  values  of  k.  The  variation  of  the 
index  with  width  is  m  general  more  pronounced 
for  low  discharges  than  for  high,  but  in  the 
data  for  high  discharges  occur  two  exceptions 
to  the  general  law.  These  exceptions  are 
ascribed  to  irregularities  in  the  data.  As  the 
width  for  any  particular  discharge  varies  in- 
versely with  the  form  ratio,  it  follows  that  the 
index  is  a  decreasing  function  of  form  ratio. 

The  relation  of  the  index  to  slope  is  not  shown 
by  the  table.  It  was  the  subject  of  a  special 
inquiry,  including  32  comparisons.  In  each 
comparison  a  value  of  the  index  for  a  particular 
slope  was  contrasted  with  the  value  for  a  slope 
twice  as  great,  the  other  conditions  being  the 
same.  In  25  instances  the  greater  index  was 
associated  ^vith  the  smaller  slope;  in  7  instances 
with  the  larger.  The  mean  of  the  indexes 
computed  for  smaller  slopes  was  1.51 ;  the  mean 
for  larger  slopes  1.17.  The  general  law  appears 
to  be  that  the  index  varies  inversely  with 
slope.  The  seven  instances  of  opposite  tenor 
are  all  associated  with  large  discharges;  and 
their  occurrence  is  ascribed  to  a  sj^stematic 
error  connected  with  the  assignment  of  A-alues 
to  K. 

Table  35  compares  values  of  the  index  with 
fineness.  Despite  irregularities,  it  is  evident 
that  the  values  tend  to  increase  in  passing  from 
finer  to  coarser  grades — that  is,  their  variation 
in  respect  to  fineness  is  inverse. 
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Table  35. —  Values  of  the  exponent  i^  arranged  to  show  vari- 
ation in  relation  to  fineness  of  debris. 


Grade. 

Values  of  ij. 

Q-0.363 

Q=0. 182 

w-0. 66 

t»=1.00 

w=1.32 

w=0.66 

K=1.00 

(A) 

k 
(H) 

1.17 
1.24 
1.06 
1.06 
2.04 
3.46 

1.21 
1.33 
1.24 
1.25 

1.33 
1.36 
1.44 
1.33 

1.28 
1.38 
1.21 
1.30 

1.43 
1.63 
1.64 
2.02 

1 

In  summary,  the  sensitiveness  of  capacity  to 
variation  of  discharge  is  greater  as  slope,  dis- 
charge, form  ratio,  and  fineness  are  less. 


i,=fU^.Q.  P.P). 


(68) 


DUTY  AND  EFFICIENCY. 


The  variation  of  capacity  with  discharge  is 
indicated  in  general  terms  by  an  equation  of 
the  type  of  (33) : 


C=1-3$'3 


(69) 


Duty  being  the  quotient  of  capacity  by  dis- 
charge, tliis  gives 


f7=^5-=''3«^-' 


(70) 


and,  as  efficiency  is  the  quotient  of  capacity  by 
discharge  and  slope, 

£=  J  «'■'-' (71) 

That  is,  the  index  of  relative  variation  for  both 
duty  and  efficiency,  in  relation  to  discharge,  is 
less  by  unity  than  the  corresponding  index  for 
capacity.  Therefore  the  values  of  the  index 
in  Table  32  need  only  to  be  reduced  by  unity 
to  apply  to  duty  and  efficiency. 

Under  ordinary  conditions  the  index  for  duty 
and  efficiency  falls  between  unity  and  zero ;  or, 
in  other  words,  duty  and  efficiency  increase 
with  increase  of  discharge,  but  their  increase  is 
less  rapid  than  that  of  discliarge.  Exception- 
ally the  increase  is  much  more  rapid,  the  excep- 
tions being  associated  with  discharges  little 
above  the  limit  of  competence.  On  the  other 
hand,  there  appear  to  be  conditions  under  wliich 


the  index  falls  l)eIow  zero,  so  that  duty  and 
efficiency  diminish  with  increase  of  discharge. 
The  diminution  indicated  by  the  figures  in  the 
column  (of  Table  32)  for  grade  (D)  and  width 
0.66  foot  is  only  of  the  order  of  magnitude  of 
the  probable  error;  but  a  pronounced  diminu- 
tion would  be  inferred  from  the  values  of  the 
index  for  grade  (B)  and  width  0.23  foot.  As 
the  results  from  the  last-mentioned  group  of 
observations  stand  by  themselves  in  various 
respects,  some  reservation  is  felt  in  regard  to 
them,  and  there  is  at  least  room  for  doubt 
whether  the  diminution  is  actually  demon- 
strated. 

With  respect  to  all  conditions  the  variations 
of  the  index  for  duty  and  efficiency  follow  the 
same  laws  as  the  index  for  capacity;  but,  as  a 
consequence  of  the  uniform  reduction  by  unity, 
the  rates  of  variation  are  higher.  If,  for  ex- 
ample, in  passing  from  a  smaller  to  a  larger  dis- 
charge, the  index  for  capacity  falls  from  1.40  to 
1.20,  a  reduction  of  one-seventh,  the  index  for 
efficiency  falls  from  0.40  to  0.20,  a  reduction 
of  one-half. 

Lines  of  reasoning  strictly  parallel  to  those 
employed  m  the  last  section  of  Chapter  III 
yield  the  following  conclusions : 

The  synthetic  index  of  relative  variation  for 
the  duty  of  water  in  relation  to  discharge  is 
less  by  unity  than  the  corresponding  sjmthetic 
index  for  capacity  in  relation  to  discharge. 

The  synthetic  index  of  relative  variation  for 
efficiency  in  relation  to  discharge  is  less  by 
unity  than  the  corresponding  synthetic  index 
for  capacity  in  relation  to  discharge. 

If  the  duty  of  water,  or  if  efficiency,  be  as- 
sumed to  vary  as  some  power  of  Q  —  k,  the  ex- 
ponent of  that  power  (expressing  the  instanta- 
neous rate  of  variation)  equals  o jy-' 


As  dis- 


charge increases  from  k  toward  infhiity,  the 
exponent  diminishes  from  o  toward  o  —  1 . 

If  tlie  relation  of  efficiency  to  discharge  ( and 
similarly  for  the  relation  of  duty  to  discharge) 
be  expressed  by 

E=B,{Q-K,)'>i, (71a) 

the  value  of  On  is  always  less  than  the  corre- 
sponding value  of  o,  the  difference  approaching 
but  not  exceeding  unity.     The  value  of  k^  is 
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always  greater  than  the  corresponding  vakie 
of  K,  usually  much  greater.  It  was  found  by 
trial  that,  within  the  range  of  conditions  real- 
ized in  the  laboratory,  the  difference  between 
vahies  of  efficiency  computed  directly  by  means 
of  (71a)  and  values  computed  indirectly  by 
means  of  ( 64)  is  not  large,  its  order  of  magnitude 
being  that  of  the  probable  errors. 

The  control  of  duty  and  efficiency  by  dis- 
charge is  further  considered  in  the  following 
section. 


COMPARISON  OP  THE  CONTROLS  OF  DIS- 
CHARGE AND  SLOPE. 

CONTROLS    OF    CAPACITY. 

We  are  now  in  position  to  compare  the  in- 
fluences exerted  by  slope  and  discharge,  sever- 
ally, on  capacity.  The  general  fact  brought  out 
by  the  comparison  is  that  capacity  is  more  sen- 
sitive to  changes  of  slope  than  to  changes  of 
discharge,  but  the  difference  in  sensitiveness  is 
not  the  same  for  all  conditions. 


Ta  BLE  36.— Comparison  of  the  inder  of  relative  variation .  i', ,  for  capacity  and  slope,  vith  the  indcr.  i^.  for  capacity  a  nd  discharge. 
[For  grades  (A)  to  (D)  the  data  are  for  S-I.O;  for  grades  (G)  and  (H)  for  S-1.2.1 


Grade. 

Q 

w= 

0.44 

»- 

0.66 

.- 

1.00 

»= 

1.32 

w= 

1.96 

'■' 

13 

ii 

h 

U 

h 

■•. 

h 

h 

>3 

(A) 
(B) 

(C) 

(D) 

(G) 
(H) 

0.182 
.363 
.545 
.734 

1.119 

.093 
.1S2 
.363 
.545 
.734 
1.119 

.093 
.182 
.363 
.545 
.734 
1.119 

.093 
.182 
.363 
.545 
.734 

.363 
.734 
1.119 

.363 

.734 
1.119 

1.99 

1.28 

2.06 

1.83 

1.43 
1.21 

2.17 
1.70 

1.72 
1.33 

1 

1 

1.90 

1.41 

1.48 

1.14 

i.79 

1.12 

1.71 

1.20 

1.55 
1.31 

1.17 
1.10 

2.31 
l.sl 

1.21 
1.10 

2.34 
1.82 
1.38 
1.49 

1.75 
1.3S 
1.24 
1.20 

1:1? 

1.62 
1.61 

1.63 
1.33 
1.25 
1.21 

1.94 
1.75 
1.73 
1.71 

1.89 
1.36 
1.24 
1.19 

.        .. 

2.01 

1.87 
1.66 
1.60 

i.64 
1.40 
1.30 
1.21 

2.39 

1.88 

1.30 
1.14 

1.88 
1.73 
1.59 
1.58 
1.57 

1.68 
1.21 
1.06 
1.02 
1.00 

1.87 
1.59 
1.47 
1.45 
1.48 

1.64 
1.24 
1.15 
l.U 
1.07 

2.37 
1.67 
1.55 
1.47 

2.30 
1.44 
1.28 
1.21 

2.14 
1.87 
1.62 
1.85 

2.00 
1.60 
1.45 
1.32 



.J  . 

1        ■ 

2.22 
1.80 

2.46 
2.33 

2.01 

1.69 

1.87 

■      1.65 

2.00 
1.22 
l.OS 
1.02 

■ 

2.11 

1.33 



1.64 

1.01 

1.85 

1.01 

2.98 
2.42 
2.29 

6.03 
3.23 
2.78 

2.04 
1.29 
1.22 

3.46 
1.82 
1.57 

1 

... 

I 

! 

1 

In  Table  36  values  of  the  index  of  relative 
variation  are  brought  together  from  Tables  1.5 
and  32.  The  selection  includes  all  such  as  cor- 
respond in  respect  to  debris,  trough  width, 
slope,  and  discharge,  with  the  exception  of 
those  of  trough  width  0.23  foot,  which  appear 
to  be  anomalous.     There  are  64  pairs  of  values. 

Of  the  64  comparisons,  62  show  capacity  as 
more  sensitive  to  slope,  2  as  more  sensitive  to 
discharge.  The  two  exceptional  cases  are  from 
experiments  with  debris  of  grade  (D)  and  with 
channel  width  0.66  foot;  and  the  data  from 
those  experiments  were  reexamined  in  search 
for  an  explanation  of  what  seeius  an  anomaly. 
No  explanation  was  found,  and,  as  the  observa- 
tions are  supported  by  the  estimates  of  pre- 
20021°— No.  86—14 10 


cision,  it  remains  probable  that  there  are  real 
exceptions  to  the  general  rule. 

The  means  of  the  64  values  of  i^  and  i^  are, 
severally,  1.93  and  1.42;  and  the  ratio  of  the 
first  to  the  second  is  1.36.  On  the  average, 
the  sensitiveness  of  capacity  to  slope  is  one- 
thu'd  greater  than  the  sensitiveness  of  capacity 
to  discharge. 

To   ascertain    the   variation    of   the  ratio   -^ 

h 
with  discharge,  the  values  m  Table  36  were 
speciallv  grouped  for  the  taking  of  partial 
averages.  The  first  group  gave  comparative 
ratios  for  discharges  of  0.093  and  0.1S2  ft.Vsec, 
by  means  of  four  sets  of  index  values,  each  set 
agreeing  as  to  all  conditions  other  than  dis- 
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charge.  The  second  group  gave  comparative 
ratios  for  discharges  of  0.182,  0.363,  and  0.734 
ft.Vsec,  by  means  of  five  sets  of  index  values; 
and  two  other  groups  made  other  comparisons, 
as  shown  in  Table  37.  The  upper  division  of 
the  table  gives  mean  values  of  \  and  %;  the 
lower  division,  their  ratios.     It  will  be  observed 


that  within  each  group  the  values  of  the 
indexes  decrease  as  discharge  increases,  while 
the  values  of  the  ratio,  as  a  rule,  increase  with 
the  increase  of  discharge.  To  the  first  rule 
there  are  no  exceptions;  the  exceptions  to  the 
second  are  not  so  important  as  to  leave  the 
principle  in  doubt. 


Table  37.— 

Variations  of  the  indexes  i,  and  i^.  and  their  ratio,  in 

relation  to  discharge. 

Group. 

Sets. 

Q-0.093 

0=0. 182 

Q-0.363 

Q=0. 545 

Q=0. 734 

Q=  1.119 

h 

13 

Ii 

h 

<i 

13 

i. 

13 

ii 

13 

h 

13 

1 
2 
3 
4 

4 
5 

8 
7 

2.23 

1.48 

1.81 
2.02 

1.21 

1.74 

1.73 
1.76 
2.67 

1.30 
1.41 
1.97 

1.65 
1.69 
1.97 

1.16 
1.19 
1.32 



1.69 

1.26 

1.85 

1.22 

hik 

klh 

ii/is 

hIk 

ii/is 

hlh 

1 
2 
3 
4 

1.50 

1.50 
1.16 

1.33 

1.25 
1-3.1 

1.42 
1.34 

1.35 

'  1   f^o" 

1 

The  variations  of  the  indexes  with  discharge  as  a  factor  controlling  capacity,  is  more  pro- 
have  already  been  illustrated  m  another  way  nounced  for  large  discharges  than  for  small, 
(pp.  107,  143).  The  new  fact  brought  out  is  under  like  conditions  of  slope,  width,  and 
that  the  superiority  of  slope  over  discharge,  fineness. 


Table  38.- 

—  Variations  of  the  indexes 

i\  a7id  ij 

and  their  ratio,  in  relation  to  ividth  of  channel. 

Group. 

Sets. 

«.=  0.J4 

M>==o.c.r. 

w=1.00 

w=1.32 

1(1=1.90 

ii 

13 

11 

13 

'•■ 

13 

li 

13 

I'l 

h 

1 
2 
3 

4 

8 
8 

2.10 

1.19 

1.94 
1.  07 

i.,5n 

1.17 

1.71 

i.ra 

1.35 
1.20 

1.83             1.55 
1.66             1.28 

1.83 

1.50 

11/13 

ii/t3 

ii/is 

il/i3 

i./i3 

1 
2 
3 

1.77 

1.29 
1.40 

1.27 

1.18 

1 

A  different  grouping  of  the  index  values, 
but  similar  in  principle,  gave  the  means  and 
ratios  of  Table  38,  which  is  related  to  channel 
width  just  as  Table  37  is  related  to  discharge. 
With  a  single  exception,  the  mean  values  of 
indexes  increase  with  width;  thus  illustrating 
general  facts  previously  noted  on  pages  104 
and  143.  Without  exception,  the  ratios  of 
\  to  13  decrease  with  increase  of  width.  The 
new  fact  brought  out  is  that  the  superiority  of 
slope  over  discharge,  as  a  factor  controlling 
capacity,  is  more  pronounced  for  narrow  chan- 
nels than  for  wide,  under  like  conditions  of 
slope,  discharge,  and  fineness. 

As  form  ratio  varies  inversely  with  width,  it 
follows  that  the  superiority  of  slope  is  more 


pronounced,  under  like  conditions,  when  form 
ratio  is  large  than  when  it  is  small. 

A  third  grouping  of  the  index  values,  maldng 
a  similar  comparison  of  their  averages  and 
ratios  with  fineness  of  debris,  is  reported  in 
Table  39  (p.  147).  The  mean  values  of  indexes 
increase  on  the  whole  in  passing  from  finer  to 
coarse  grades,  but  there  is  much  irregularity. 
The  same  irregularity  was  encountered  when 
these  relations  were  examined  in  other  con- 
nections. (See  pp.  108  and  143.)  The  ratios 
decrease  on  the  whole  from  finer  to  coarser, 
and  there  is  but  one  discordance  among  the 
sequences. 

To  compare  the  variations  of  the  indexes 
with  changes  in  slope,  the  32  pairs  of  values  of 
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^3  mentioned  on  page  143  were  contrasted  witli  of  the  three  groups  indicates  that  the  ratio 
corresponding  vahies  of  i^.  The  results  are  of  the  indexes  increases  with  increase  of 
summarized  in  Table  40,  below,  in  which  each     slope. 

Table  39. —  Variations  of  the  indexes  I'l  andi^,  and  their  ratio,  in  relation  lojiiwness  of  debris. 


Croup. 

Sets. 

(A) 

(B) 

(C) 

(D) 

(G) 

(H) 

k 

'. 

'3 

'•■ 

is 

'. 

''       \       '■' 

ii 

ii              13 

1 
3 

U 

8 
3 

1.77 

1.28 

1.74 
1.79 

1.39 
1.38 

1.76 
1.65 

1.4.5 
l.,32 

1 

1.S7 

1.54 

2.70 

l.BU 

4.63 

2.C4 



hlh 

Ulia 

ulh 

iilh 

h!h 

!i/;3 

1 
2 
3 

1.38 

1.25 
1.30 

1.21 
1.26 

1.21 

Table  40. —  Variations  of  the  indexes  i,  and  %,  and  their  ratio,  in  relation  to  slope. 


Group. 

Sets. 

S=0.3 

S=1.0 

S=1.2 

S=1.0 

S=2.4 

i, 

h 

'■. 

13 

il 

'3 

■■. 

13 

il 

1-3 

1 
2 
3 

18 
10 
4 

1.90 

1.56 

1.68 
1.87 

1.23 
1.45 

1.66 

1.12 

2.82 

1.47 

2.13 

1.08 

1 

1 

hlh 

iilk 

hlh 

'i;;3 

hlh 

1 
2 
3 

1.22 

1.35 
1.29 

1.49 

1.91 

1.9.S 

i 

1 

To  sum  the  results  of  the  preceding  para- 
graphs: The  sensitiveness  of  capacity  for  trac- 
tion to  changes  of  slope,  as  measured  by  the 
exponent  i^,  is  in  general  greater  than  its  sen- 
sitiveness to  changes  of  discharge,  measured 
by  ij.  The  superiority  of  the  control  by  slope 
persists  through  nearly  (or  perhaps  quite)  the 
entire  range  of  conditions  realized  in  the 
laboratory.    If  the  superiority  is  measured  by 

the  ratio  ^',  its  average  value  (based  on  64  com- 

parisons)  is  1.36,  and  it  increases  with  increase 
of  slope,  discharge,  form  ratio,  and  fineness  of 
debris. 

l^=^fi§,^,fi,B) (72) 

h 

Another  mode  of  comparing  the  controls  by 
slope  and  discharge  is  by  means  of  the  syn- 
thetic inde.x  of  relative  variation  (p.  99),  and 
in  some  respects  tliis  mode  is  more  satisfactory 
than  the  one  given  above.  The  synthetic  index, 
I3,  of  the  relative  variation  of  capacity  and  dis- 
charge was  computed  for  21  cases,  in  each  of 
which  the  greater  discharge  was  approximately 


double  the  lesser.  The  synthetic  index  I^,  of 
the  relative  variation  of  capacity  and  slope, 
was  computed  for  21  pairs  of  cases,  the  greater 
slope  being  double  the  lesser.  Each  value  of  73 
was  joined  to  two  discharges  and  a  slope  and 
associated  with  a  pair  of  values  of  /j.  Each  of 
the  two  values  of  I^  was  joined  to  one  discharge 
and  two  slopes,  the  slopes  being  so  chosen, 
whenever  possible,  that  their  mean  coincided 
with  the  slope  of  the  associated  I^.  The  mean 
of  the  42  values  of  /j  is  1.92;  that  of  21  vahies 
of  Is  is  1.42;  and  the  ratio  of  these  means  is  1.3.5. 
The  result  is  practically  identical  with  that 
obtained  by  the  discussion  of  values  of  ii  and  %. 

CONTROLS    OF    DUTY. 

The  index  of  relative  variation  of  the  tkity 
of  water  in  relation  to  slope  (p.  121)  is  i„  the 
same  as  the  index  for  capacity  and  slope. 
The  corresponding  index  for  the  duty  of  water 
in  relation  to  discharge  (p.  144)  is  is— I.     The 

ratio  of  these  indexes,  ■  J^  - ,  is  evidently  greater 
than  the  ratio  -;-',  wliich  has  just  been  consid- 
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ered — that  is,  the  superiority  of  the  control  by 
slopes,  as  compared  with  the  control  by  dis- 
charge, is  jnore  strongly  marked  in  the  case  of 
duty  than  in  the  case  of  capacity. 

i      1.93 
For   general    averages,    -?*  =  r^^=  1.36,    and 

^  =  i:^  =  4  3 
*3-l      0.42 

In  Table  41  the  values  of  •  _|_ .  correspond  to 

those  of  -^  in  Tables  37  to  40 — that  is,   they 

are  based  on  the  partial  means  of  those  tables 
and  are  arranged  under  the  same  groups,  the 
purpose  being  to  show  how  the  dominance  of 
control  by  slope,  as  expressed  by  a  ratio,  varies 
with  certain  conditions. 


Tablk  41. —  Variations  of  the  ratio  ; 


in  relation  to  dis- 


charge, widlh  of  channel,  fineness  of  debris,  and  slope. 


Values  of  ^ 
I3— 

-J  for  group— 

1 

2 

3 

4 

Q-     0.093 
.182 
.363 
.545 
.734 
1.119 

w=     0.44 
.66 
1.00 
1.32 
1.96 

Grade  (A) 
(B) 
(C) 

(G 
(H) 

S=         0.5 
1.0 
1.2 
2.0 
2.4 

4.6 
8.6 

2.7 

5.8 

4.3 
6.5 

8.4 

2.8 

""e.'i" 

8.4 

10.3 

11.2 
3.9 

9.8 
4.9 
3.3 

8.1 
5.9 
3.7 

6.3 
4.5 
3.9 

8.6 
5.1 
3.5 

.     1     

4.9      

3.1      

3.4 
7.3 

4.2 

6.0    1 

13.8 

26.6     1 

1 

1 

In  comparing  tliis  table  with  the  tables  of 
^,  the  most  conspicuous  feature  noted  is  that  the 


variation  of 


with  all  conditions  is  much 


more    pronounced    than    the    variation    of    ^. 

''•3 
Associated  with  this  is  the  fact  that  the  excep- 
tions or  apparent  reversals  observed  in  Tables 
37  and  39  are  not  repeated  in  Table  41. 

In  verbal  generalization  of  the  tabulated 
results  it  is  to  be  borne  m  mind  (1)  that  the 
alphabetic  order  in  wliich  the  grades  are 
arranged  is  the  order  from  fine  to  coarse,  and 
(2)  that  variation  with  respect  to  form  ratio 


is  the  inverse  of  variation  with  respect  to 
width  of  channel.  The  general  fact  is  that 
the  dominance  of  control  by  slope,  as  com- 
pared with  control  by  discharge — a  dominance 
always  pronounced — is  notably  increased  by 
increase  of  slope,  discharge,  fineness,  or  form 
ratio. 


^-l=/(^-^.  F-Ii) 


(73) 


CONTROLS    OF    EFFICIENCY. 

The  index  of  relative  variation  of  efficiency 
in  relation  to  slope  (p.  144)  is  \—l;  and  the 
corresponding  index  for  efficiency  in  relation  to 
discharge  is  ij  —  1 .     The  ratio  of  these  indexes 

■'_  ,  is  greater  than  ^,  the  corresponding  ratio 

^3        ^  "^3 

in  the  case  of  capacity,  with  exception  of  those 
doubtful  cases  in  which  ii<i^.  That  is,  the 
superiority  of  the  control  by  slope,  as  com- 
pared to  the  control  by  discharge,  is  more 
strongly  marked  in  the  case  of  efficiency  than 
in  the  case  of  capacity.     It  is  also  true  that 

-^ — !-<-: — ^j-;  or  that  the  superiority  of  control 

by  slope  is  less  strongly  marked  for  efficiency 
than  for  duty.  For  the  general  averages 
ii  =  1 .93  and  %=! .42  the  computed  values  of 
the  ratios  expressing  superiority  of  control  by 
slope  are,  as  to  capacity  1.36,  as  to  efficiency 
2.21,  as  to  duty  4.3. 

Table  42. —  Variations  of  the  ratio  ■  ^^  in  relation  to  dis- 
charge, width  of  channel,  fineness  of  debris,  and  slope. 


Values  of  ^ — ;  for  group — 

1 

2 

3 

4 

Q=     0.093 
.182 
.363 
.545 
.734 
1.119 

w=     0.44 
.66 
1.00 
1.32 
1.96 

Grade  (A) 
(B) 
(C) 
(D) 
(G) 
(H) 

S=         .05 
1.0 
1.2 
2.0 
2.4 

2.6 
3.9 

1.4 
2.4 

1.8 
2.7 
3.1 

1.7 

'"'3.0" 
3.9 

4.1 

5.5 
1.9 

3.9 
2.0 
1.5 

3.1 
2.4 
1.7 

2.7 
1.9 
1.7 

3.6 
2.0 
1.6 

3.0 
2.4 

1.6 
2.9 

1.9 

3.9 

5.5 

14.1 
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In  Table  42  the  values  of 


correspond  to 


those  of 


in  Table  41   and  are  similarly 


derived  from  data  of  Tables  27  to  40.  The  pur- 
pose of  the  table  is  to  show  how  the  dominance 
of  control  by  slope,  as  expressed  by  a  ratio, 
varies  with  certain  conditions. 

A  comparison  of  tabulated  values  for  the 
several  ratios  shows  that  the  ratios  associated 
with  efficiency  vary  with  conditions  more  rap- 
idly than  those  associated  with  capacity,  but 
less  rapidly  than  those  associated  with  duty. 
In  Table  42,  just  as  in  Table  41,  there  are  no 
exceptions  as  to  the  direction  of  the  tiend  of 
variation. 

Bearing  in  mind  that  the  alphabetic  order  in 
which  the  grades  are  arranged  is  the  order  from 
fine  to  coarse,  and  that  variation  with  respect 
to  form  ratio  is  the  inverse  of  variation  with 
respect  to  width,  we  see  that  the  general  fact 
showni  by  the  table  is  that  the  dominance  of 
control  by  slope — a  dominance  always  pro- 
nounced— is  notably  increased  by  increase  of 
slope,  discharge,  fineness,  or  form  ratio. 


SUMMARY. 


(74) 


With  debris  of  a  particular  size  and  a  chan- 
nel bed  of  a  particular  slope,  there  is  a  particu- 
lar discharge  wliich  is  barely  competent  to 
cause  transportation.  With  increase  of  dis- 
charge above  this  barely  competent  discharge, 
there  is  a  proportional  addition  to  the  stream's 
potential  energy.  The  relation  of  capacity  to 
discharge  is  formulated  on  the  assumption  that 
the  capacity  is  proportional  to  some  power  of 
the  added  energy,  and  therefore  to  the  same 
power  of  the  added  discharge.  As  each  grade 
of  debris  is  somewhat  heterogeneous  as  to  the 
size  oi  its  grains,  this  assumed  principle  can  not 
be  applied  strictly;  the  practical  assumption  is 
that  capacity  varies  Anth  a  power  of  the  differ- 
ence between  the  discharge  and   a  constant 


discharge,  the  constant  being  so  chosen  as  best 
to  harmonize  the  data. 

By  means  of  such  formulation  the  data  were 
readjusted  and  the  rate  of  variation  of  capacity 
with  discharge,  or  the  index  of  relative  varia- 
tion, ^3,  has  been  computed  for  a  variety  of 
conditions.  It  is  found  to  be  greater  as  the 
slope  of  channel,  the  discharge,  the  fineness  of 
debris,  and  the  form  ratio  are  less.  The  aver- 
age of  the  values  computed  lor  laboratory  con- 
ditions is  1.42  and  the  ortUnary  range  is  from 
1.00  to  2.00. 

The  rate  at  which  the  efficiency  of  the  stream 
and  the  duty  of  the  stream's  water  vary  with 
discharge  is  denoted  by  an  index  which  is  less 
by  unity  than  that  for  capacity.  Its  average 
is  0.42  and  its  orchnary  range  is  from  0  to  1 .00. 

It  has  previously  been  shown  that  the  corre- 
sponding indexes  sho\dng  the  relation  of 
capacity  to  slope  are  larger.  In  other  words, 
capacity  is  more  sensitive  to  changes  of  slope 
than  to  changes  of  discharge.  If  relative  sensi- 
tiveness to  the  two  controls  be  expressed  by  a 
ratio,  the  average  value  of  that  ratio  is  1.36. 
The  ratio  varies  wHth  conditions,  being  rela- 
tively large  when  slope,  discharge,  fineness, 
and  form  ratio  are  relatively  small. 

The  primary  adjustment  of  observations  of 
capacity,  described  in  Chapter  II,  was  an  ad- 
justment with  respect  to  slope.  The  probable 
errors  computed  from  differences  between  ad- 
justed and  unadjusted  values  were  influenced 
by  only  a  portion  of  the  observational  errors. 
In  readjusting  values  of  capacity  with  respect 
to  discharge,  another  division  of  the  observa- 
tional errors  was  encountered  and  its  import- 
ance was  estimated.  The  probable  errors 
computed  from  the  results  of  the  two  adjust- 
ments are  believed  to  represent  ^s■ith  sufficient 
approximation  the  order  of  precision  of  the  ad- 
justed values  of  capacity,  wliich  constitute  the 
main  body  of  data  for  the  discussions  of  the 
report.  The  order  of  precision  is  expressed  by 
saying  that  the  average  probable  error  of  the 
adjusted  values  is  a  little  more  than  3  per  cent. 


CHAPTER   VI.— RELATION  OF   CAPACITY  TO   FINENESS  OF   DEBRIS. 


FORMULATION. 

To  study  the  laws  affecting  the  control  of  ca- 
pacity for  traction  by  fineness  of  debris,  capaci- 
ties should  be  compared  which  are  subject  to 
like  conditions  in  all  other  respects.  For  this 
purpose  data  from  Table  12  were  arranged  as 
in  Table  43,  where  the  capacities  in  each  hori- 
zontal line  are  conditioned  by  the  same  slope, 
discharge,  and  width  of  channel.  All  the  data 
of  that  table  pertain  to  a  slope  of  1.0  per  cent; 
but  similar  tables  were  constructed  for  slopes 
of  0.5,  0.7,  1.4,  and  2.0  per  cent. 

The  same  data  were  also  plotted  on  logarith- 
mic paper;  and,  after  a  prelimmary  examina- 
tion, five  sets  were  selected  for  special  investi- 
gation. The  plots  of  these  appear  in  figure  50, 
where  ordmates  are  logarithms  of  capacity  and 
abscissas  are  logarithms  of  linear  fuieness.  It 
is  to  be  noted  that  the  zero  of  log  C  is  not  the 
same  for  the  different  graphs.  The  graphs  were 
moved  up  or  down,  so  as  to  avoid  confusion 
through  intersection. 

The  first  law  illustrated  by  the  plots  is  that 
capacity  increases  as  fineness  increases;  the 
second,  that  it  increases  more  rapidly  for  small 
fineness  than  for  great  fiiieness.  Despite  ir- 
regularities of  the  data  it  is  evident  that  the 


locus  of  log  C=f  (log  F)  is  a  curve,  and  that  the 
function  has  a  general  resemblance  to  those 


WJ    (G>      <F)  <£)  (D)      (CJ  (B)rA> 


FiGtJKE  50.— Logarithmic  plots  of  capacity  for  traction  in  relation  to 
fineness  of  d^l)ris:  corresponding  to  data  in  Table  44. 


found  in  comparmc 
discharge. 


capacity  with  slope  and 


T.\BLE  43. —  Values  of  capacity  for  traction,  arranged  to  illustrate  the  relation  of  capacity  to  grades  of  debris. 


Conditions 

Value  of  C  for  grade— 

S 

w 

Q 

(A) 

(B) 

(C) 

(D) 

(E) 

(F) 

(0) 

(H) 

1.0 

0.66 
1.00 
1.32 
1.96 

0.093 
.182 
.363 

.545 
.734 
1.119 

.093 
.182 
.363 
.545 
.734 
1.119 

.093 
.182 
.363 
.545 
.734 
1.119 

.093 
.182 
.363 
.545 
.734 
1.119 

10.8 
33.5 
81 
120 

13.8 
32.1 
73 

112 

152 

9.1 

29.8 

!             1             1 

39.5 

1 

24.8 

20.5 

8.5 

140 

101 

40 

39 

30.4 
49 

12.8 
25.2 

37.5 
100 

30.1 

85 
143 
199 

31.2 

85 
140 
180 
276 

24.0 

73 
108 
153 

iis 

33.8 

14.0 



;:               1 

231 

72 
138 

42.8 
79.5 

26.9 
61 

36.8 
104 

29.3 

79 
140 
204 

21.4 

79 
129 
187 

j 

59.2 

36.3 

I 

250 

131 

73 
123 

40.2 
70 

18.9 
52.2 

96 

67.6 
120 
190 
313 

60.0 
111 
190 
343 

240 
359 

1 
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For  any  velocity,  as  determined  by  slope, 
discharge,  and  width,  there  is  a  competent 
fineness,  marking  the  lunit  between  traction 
and  no  traction;  and  to  this  extent,  at  least,  the 
relation  of  fineness  to  traction  is  analogous  to 
the  relations  of  slope  and  discharge.  It  is  not 
easy  to  carry  the  analogy  further,  because  slope 
and  discharge  are  conditions  of  active  force, 
and  fuieness  is  a  condition  of  reactive  force,  or 
resistance;  but  an  experiment  in  formulation 
reveals  a  parallelism  quite  as  striking  as  that 
between  the  capacity-slope  and  capacity-dis- 
charge functions. 


Assuming 


C=h,  iF-< 


.(75) 


m  wliich  9!)  is  a  constant  fineness  and  64  a  con- 
stant of  the  numerical  value  of  capacity  when 
F=<p  +  1,^  the  five  sets  of  data  in  Table  44 
were  treated  graphically  for  the  determination 
of  (f>  and  p.  The  methods  were  such  as  have 
already  been  described  (pp.  65  and  139).  The 
formulas  were  then  used  to  compute  read- 
justed values  of  capacity,  C^.,  and  values  of  the 
index  of  relative  variation,  i^,  and  probable 
errors  were  also  computed. 


Table  44.- 


-Numerical  data  connected  with  the  plots  in  figure  SO,  and  illustrating  the  relation  0/ capacity  for  traction  to  grades 

0/  debris. 


2 

Condit  ions  of  experiments 

-{f:::;.;; 

0.66 
0.363 
1.4 

1.00 
0.734 
0.7 

1.00 
0.363 
1.4 

it 

41 

0.62 
4.5 

55 
0.60 
2.4 

49 
0.58 
3.7 

1^4 

Average  probable  errors 

-{&::;:: 

6.8 
2.8 

7.6 
2.9 

4.9 
1.9 

C 

c- 

'»            ii 

C 

Cr 

ii 

II 

C 

CV 

u 

ll 

Grade(A) ' 1 1 

121 
110 
106 
85 
40 
20 
8 

140 
123 
102 

76 

42 

21.7 
7.4 

0.63 
.64 
.66 
.70 
.87 
1.42 
5.45 

1.83 
1.66 
1.50 
1.72 
1.68 
2.35 
4.11 

185 

149 

143 

127 
62 
33.4 
16.3 

196 

173 

143 

108 
62 
34.4 
16.3 

0.61 
.62 
.63 
.66 
.80 
1.18 
2.80 

1.79 
1.63 
1.53 
1.63 
1.78 
2.42 
3.15 

Grade(B).. 
Grade  (C).. 

137 
124 

145 
123 

0.65 
.67 
.69 
.81 
1.08 
1.82 
13.50 

1.54 
1.55 

'■■2.' 16" 
1.99 
2.71 
4.69 

Grade(E).. 
Grade(F).. 
Grade  (G).. 
Grade  (H).. 

49.4 
41 
23 
6.9 

59 
37 
22 

7.1 

4 

5 

Conditions  of  experiments 

.....q::;::: 

1.32 
0.734 
1.0 

- 
1.32 
0.363 
2.0 

It;;;; 

48 
0.61 
3.8 

55 

0.50 
11.4 

Average  probable  errors 

•-{?f::::- 

1.7 
0.6 

6.2 
2.4 

C 

C, 

U 

I, 

C 

c 

U 

>l 

Grade  (A) . . 
Grade  (B).. 
Grade  (C) .. 
Grade  (D).. 

230 

204 

187 

131 
73 

40.2 
18.9 

250 
219 
ISO 
133 

74 

40.2 

19 

0.64 
.65 
.66 
.70 
.84 
1.22 
5.20 

1.71 
1.71 
1.47 
1.85 
1.54 
2.40 
3.43 

328 
255 
233 
237 
112 

66 

28.3 

319 
2S5 
242 
190 
115 

67 

27.4 

0.53 
.54 
.55 
.58 
.72 
1.19 
4.55 

1.97 
1.63 
1.52 
1.92 

Gra 
Gra 
Gra 

leiE).. 
lefF).. 
lefG).. 
le(H).. 

1.60 
2.03 
3.67 

1                1 

1 

1 

PRECISION. 


The  average  probable  error  of  the  read- 
justed capacities  was  found  to  be  ±2.1  per 
cent.  This  error  is  to  be  ascribed  in  part  to 
discordance  of  the  data  among  themselves,  and 


in  part  to  discordance  of  the  formula  with  the 
data;  but  the  tlistribution  of  the  residuals  is 
not  such  as  to  unply  unportaut  discordance  of 
the  formula. 

1  The  dimensions  of  capacity  are  J/+''T-i,  and  of  fineness  L-^.    The 
constant  61,  being  ecjual  to  C/  (F—(j>)p,  has  dimensions  i+^P  J/+>  T-\ 


152 


TEANSPORTATION   OF   DEBRIS   BY   RUNNING   WATEk. 


There  are,  however,  important  tliscordances 
among  the  data.  Considered  as  errors,  the 
discordances  constitute  a  group  wliich  were  not 
detected  in  the  adjustments  of  capacities  to 
slopes  and  to  discharges,  but  which  escaped 
those  tests  because  related  pecuUarly  to  the 
grades  of  debris.  From  the  residuals  of  the 
present  readjustment  the  average  probable 
error  of  capacities  before  readjustment  is  esti- 
mated at  ±5.4  per  cent,  whereas  the  average 
probable  error  of  the  body  of  once-adjusted 
capacities  from  wliich  these  were  selected  was 
estimated  at  2.5  per  cent.  On  the  assumption 
that  the  estimate  for  the  whole  body  of  values 
appUes  to  the  selected  group,  the  share  of  error 
associated   with    the   grades   is    estimated    as 

75.4== -2.5^=  ±4.8  per  cent. 

Inspection  of  the  logarithmic  plots  suggested 
that  part  of  the  discordance  of  the  data  is  syste- 
matic. To  bring  out  the  systematic  element 
the  original  values  of  capacity  in  Table  44  were 


divided  by  the  readjusted  values,  and  means 
were  taken  of  the  quotients.  The  means  are 
listed  below,  and  in  figure  51  they  are  plotted 
logarithmically  in  relation  to  fineness.  The 
plotted  points  conspicuously  out  of  line  are 
those  for  grades  (B)  and  (D),  the  capacities 
determined  for  grade  (B)  bemg  relatively  too 
small  and  those  for  grade  (D)  too  large.  The 
same  result  was  obtained  from  a  canvass  of  a 
wide  range  of  data. 

Ratios  oj  original  rahies  of  capacity   to   adjusted  values. 


(A) 

(B)- 

(C) 

(D) 

(E) 

(F) 

(G) 

1.002 
0.96 

812 
0.89 

602 
1.01 

388 
1.13 

178 
0.98 

95.9 
0.97 

1.02 

It  is  surmised  that  these  errors  arise  in  part 
from  variations  of  experimental  method,  and 
this  sudpicion  attaches  especially  to  grade  (B), 
which  was  the  first  to  be  treated  in  the  labora- 
tory.   It  attaches  much  les.s  to  grade  (D),  for 


+     - 

-1- 

1 

+ 

+ 

-     4-      +    - 

cg; 

(F> 

(E) 

CD) 

(C) 

CBJ    (A) 

FiGtTKE  51. — Average  departures  of  original  values  of  capacity  from  the  system  of  values  readjtjsted  in  relation  to  finenessjaf  debris.    Thehorl. 
zontal  line  represents  the  readjusted  system.    The  broken  lines,  above  and  below,  correspond  to  departures  of  10  per  cent. 


which  the  experimental  method  was  about  the 
same  as  for  grades  (A),  (E),  and  (F).  So  far  as 
the  quality  of  the  experimental  work  is  gaged 
by  the  probable  error,  that  on  grade  (D)  would 
appear  to  be  considerably  below  the  average. 

It  is  surmised  that  systematic  error  may  also 
be  connected  with  properties  of  the  grades 
other  than  that  of  fineness.  Range  of  fineness 
has  already  been  appealed  to  as  an  explanation 
of  apparent  anomahes  as  to  competent  slope. 
From  the  experiments  with  mixtures  (Chapter 
IX)  we  know  that  great  range  witliin  a  grade 
would  tend  to  increase  capacity  for  traction. 
As  the  range  is  small  for  grade  (A),  regularly 
increases  to  grade  (E),  and  is  again  small  from 
(F)  to  (H),  the  influence  of  this  factor  tends  to 
enhance  the  capacity  of  grade  (E);  but  the 
efi^ect  of  that  influence  is  not  apparent  in  the 
diagram. 

The  separation  of  grades,  bemg  effected  by 
sieves,  was  a  gaging  of  grains  by  certain  dimen- 
sions. The  grains  may  have  differed  also  as  to 
shapes  and  densities,  and  each  of  these  proper- 


ties would  affect  capacity.  The  debris  first 
obtained  for  the  laboratory  had  been  washed 
from  the  bed  of  Sacramento  River  when  a  flood 
broke  the  levee  below  the  mouth  of  American 
River.  This  furnished  material  for  the  finer 
grades.  Other  lots  of  debris  were  taken  from 
the  bed  of  American  River,  and  these  furnished 
material  chiefly  for  the  coarser  grades.  So  far 
as  the  separations  from  the  different  lots  com- 
cided,  they  were  used  indiscrimmately.  It  is 
possible  that  grade  (D)  was  composed  chiefly 
of  the  coarser  particles  of  a  fine  alluvium,  while 
grade  (E)  was  composed  chiefly  of  the  finer 
particles  of  a  relatively  coarse  alluvium.  As 
any  natural  body  of  tractional  debris  is  the 
result  of  a  sorting  process  m  which  tractionable 
particles  are  separated  from  the  immovable  on 
one  side  and  from  the  suspcndiblo  on  the  other, 
it  \s  hkely  to  include  among  its  coarser  grains 
many  wliich  are  tractionable  only  because  of 
low  density  or  favorable  shape,  and  among  its 
finer  grains  many  wliich  escape  suspension 
because  of  high  density  or  unfavorable  shape. 
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Thus  it  appears  possible  that  the  superior 
mobility  of  grade  (D)  was  determined  by 
properties  other  than  size.  Unfortunately  the 
record  is  not  of  such  character  that  the  value 
of  this  suggestion  can  now  be  tested. 

A  third  suggestion  pertahis  to  the  gaging  of 
fineness.  The  method  of  gaguig  included  a 
weighing  and  mvolved  certain  assumptions  as 
to  homogeneity  in  average  density  and  in  shape 
which  may  not  have  been  fully  warranted. 

These  various  suggestions,  while  not  suscep- 
tible of  test  at  the  present  time,  are  sufficiently 
plausible  to  show  the  possibihty  of  definite 
causes  for  the  discordances  discovered  by  the 
comparison  of  data  from  different  grades.  In 
my  judgment  it  is  proper  to  ascribe  the  greater 
discordances  to  such  causes,  and  to  view  them 
as  abnormalities  with  respect  to  the  law  con- 
nectmg  capacity  with  fineness. 

In  view  of  the  magnitude  of  the  abnormalties 
or  discordances,  it  does  not  appear  profitable 
to  extend  the  readjustment  of  data  to  other 
and  shorter  sets.  The  five  sets  in  Table  44 
were  selected  because  they  mcluded  great  range 
in  fuieness,  and  because  they  were  qualified  to 
yield  fairly  definite  values  of  the  constant  (f>. 

VARIATIONS  OF  THE  CONSTANT  <j>. 

The  laws  which  control  the  variation  of  (f> 
have  not  been  developed  from  the  observations, 
but  their  general  character  may  be  inferred 
deductively  by  considering  the  relations  of  com- 
petent fineness  to  various  conditions — it  being 
assumed  that  <f)  is  intimately  related  to  com- 
petent fineness.  Postulate  a  current  of  which 
the  velocity  is  determined  by  a  particular  slope, 
a  particular  discharge,  and  a  particular  width. 
For  this  current  a  certam  fineness  is  competent. 
Increase  of  slope  or  discharge  increases  the 
velocity  and  makes  a  lower  fineness  competent. 
Decrease  of  width,  which  corresponds  to  in- 
crease of  form  ratio,  increases  velocity  and 
makes  a  lower  fineness  competent.  Thus  com- 
petent fineness,  and  therefore  96,  varies  inversely 
with  the  slope,  discharge,  and  form  ratio. 


capacity  and  fineness.     The  formula  for  the 
index  (cf.  pp.  100  and  141)  is 


<j>=f{S,Q,Ii) 


(76) 


INDEX  OF  RELATIVE  VARIATION. 

Framing  an  equation  of  the  t}-pe  of  (3.3) — 

C=v,F'^ (77) 

in  which  i^  is  the  index  of  relative  variation  for 


pF 


.(78) 


With  this  formula,  values  of  i^  were  computed 
from  the  data  in  Table  44,  and  they  are  given 
in  the  lower  part  of  that  table. 

By  inspection  it  appears  that  the  index  in- 
creases as  fineness  diminishes,  its  growth  being 
at  first  slow  but  becommg  rapid  as  competent 
fineness  is  approached.  Because  of  the  dis- 
cordances of  the  data  it  is  not  easy  to  derive  a 
body  of  values  of  the  mdex  for  discussion  in 
relation  to  other  conditions,  but  it  is  relatively 
easy  to  obtain  comparative  values  of  the  syn- 
thetic index,  /,,  and  the  variations  of  these 
values  may  be  assumed  to  show  the  same  trends 
as  the  variations  of  i^.  Values  of  I^  were  com- 
puted between  corresponding  data  of  grades 
(C)  and  (G)  by  the  formula 


/.= 


log  a-iogc„ 

log  F,-  logFu 


in  which  C[  and  <7„  are  specific  capacities  corre- 
sponding to  the  finenesses  F,  and  F„;  and  the 
results  are  given  in  Table  4.5. 

From  these  results  it  is  infen-ed  (1)  that  the 
index  varies  inversely  with  the  slope,  (2)  that 
it  varies  inversely  with  discharge,  and  (3)  that 
it  varies  directly  with  Avidth,  and  therefore 
inversely  with  form  ratio.  The  response  is  in 
general  of  a  very  pronounced  character,  but  to 
this  there  is  exception  in  one  of  the  compari- 
sons with  width.  It  is  possible  that  the  index 
is  a  maximum  function  of  width  and  a  mmi- 
mum  function  of  form  ratio.  With  some  reser- 
vation on  this  point,  we  may  generalize: 

i,=f(S,^,  P,!t} (79) 

If  equation  (79)  be  compared  with  equations 
(39)  and  (68),  it  wiU  be  seen  that  the  variation 
of  the  capacity-fineness  index  observes  the  same 
laws  of  trend  as  the  variations  of  the  capacity- 
slope  index  and  the  capacity-cUscharge  index. 
In  view  of  this  general  parallehsm  of  variation, 
it  is  thought  that  the  relative  magiutudes  of 
average  \,  average  i^,  and  average  %  may  be 
adequately  discussed  by  means  of  a  moderate 
number  of  comparisons.  Accordingly  only 
those  values  of  i^  computed  from  the  five  equa- 
tions of  Table  44  are  used.  The  corresponding 
values  of  i^  are  not  available,  but  those  of  i. 
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are  given  in  Table  15.  They  have  been  copied 
into  Table  45,  so  as  to  be  conveniently  com- 
pared. 

Inspection  shows  that  %  is  in  general  much 
smaller  than  i^  but  that  it  becomes  greater  as 
the  hmit  of  competence  is  approached.  As  to 
the  first  of  these  generahzations  there  can  no 
question,  but  the  second  is  not  equally  satis- 
factory. In  the  vicinity  of  competence  the 
value  of  %  is  highly  sensitive  to  the  mfluence 
of  <f>;  and  m  the  same  region  i,  is  liighly  sensi- 
tive to  o.  The  features  of  the  table  might  be 
produced  by  sUght  overestimates  of  ^  or  by 
shght  underestimates  of  o.  In  view  of  this 
consideration  it  is  probably  best  to  leave  the 
higher  values  of  the  index  out  of  the  account 
and  base  a  computation  of  averages  whoUy  on 
the  lower  values.  Including  only  the  28  values 
of  each  mdex  associated  with  grades  (A)  to  (F), 
the  means  are,  for  %  0.77,  for  ij  1.79;  and  the 
ratio  of  the  second  to  the  first  is  2.4;  that  is, 
the  sensitiveness  of  capacity  to  control  by  slope 
is  estimated  to  be  2.4  times  as  great  as  its  sen- 
sitiveness to  control  by  fineness.    The  ratio  of 


sensitiveness  for  slope  and  discharge  ij%  having 
been  estimated  at  1.36,  it  follows  that  the  ratio 
2.4 


for  discharge  and  fineness  is 


1.36" 


l.S. 


Mean  ii  :  mean  i^  :  mean  %  :  :  2.4  :  l.S  :  1.0. 

It  is  to  be  understood  that  these  estimates 
are  of  the  most  general  character.  The  ratios 
doubtless  vary  notably  wth  conditions. 

The  property  with  which  capacity  has  been 
compared  in  this  chapter  is  hnear  fineness,  F, 
defined  as  Ihe  reciprocal  of  diameter,  or  as  the 
number  of  grains  to  the  hnear  foot.  Bulk  fine- 
ness, F^,  defined  as  the  reciprocal  of  volume,  is 
proportional  to  the  cube  of  Hnear  fineness.  It 
follows  that  the  index  of  relative  variation 
when  capacity  is  compared  \\ith  bulk  fineness 
is  one-tlurd  the  correspondmg  mdex,  i^,  for 
capacity  and  linear  fineness;  and  the  same 
factor  applies  to  synthetic  indexes.  If  bulk 
fineness  were  substituted  for  Hnear  fineness  in 
equations  of  the  form  of  (75),  the  values  of  ^ 
would  be  quite  different  and  the  values  of  p 
would  be  uniformly  one-third  as  great. 


Table  45. —  Values  of  I^,  the  synthetic  index 

of  relative  variation  for  capacity  an 
and  width  of  channel. 

d  fineness,  compared 

with  slope,  discharge, 

[Coarser  grade 

(C) 

r^' 

(G) 

2.0 

2.0 
0.363 

(G) 
(C) 

6.363 
:.32 

0.734 
1.32 

0.734 

[width  (feet) 

1.32 

1.32 

S 

I, 

S 

J, 

Q 

/, 

Q 

A 

«. 

I, 

u- 

/, 

1.8 
2.4 

1.05 
.76 

1.0 
2.0 

0.99 
.61 

0.363 
.734 

1.05 
.63 

0.363 
.734 

0.92 
.61 

0.66 
1.00 
1.32 

0.59 

.74 
.92 

1.00 
1.32 

0.57 
.61 

■   ■    ■] 

1        ' 

DUTY  AND  EFFICIENCY. 

Tlie  relations  of  duty  and  efficiency  to  ca- 
pacity involve  discharge  and  slope  but  are  in- 
dependent of  fineness.  Fineness,  therefore,  has 
exactly  the  same  control  of  duty  and  efficiency 
that  it  has  of  capacity,  and  the  conclusions  of 
this  chapter  apply  without  qualification  to  duty 
and  efficiency. 

SUMMARY. 

Capacit}^  for  traction  is  greater  for  fine  debris 
than  for  coarse — that  is,  capacity  increases  with 
fineness.  The  law  of  increase  admits  of  formu- 
lation in  a  manner  strictly  analogous  to  that 
employed  in  comparing  capacity  with  slope 
and  discharge — that  is,  it  is  found  that  ca- 
pacity varies  approximately  with  a  power  of 
the  fineness  less  a  constant  fineness.     The  value 


of  the  constant  fineness  varies  with  conditions, 
being  greater  as  slope,  discharge,  and  form 
ratio  are  greater.  The  rate  at  which  capacity 
varies  with  change  of  fineness,  or  the  index  of 
relative  variation,  is  not  the  same  for  all  con- 
tUtions,  being  greater  as  slope,  discharge  and 
form  ratio  are  less.  Under  similar  conditions 
the  rate  is  less  than  the  corresponding  rate  for 
capacity  and  slope,  the  average  ratio  between 
them  being  as  1  to  2.4. 

The  arrangement  of  capacities  in  accordance 
with  the  assumed  law  of  increase  develops  dis- 
crepancies winch  are  believed  to  be  of  the  na- 
ture of  systematic  eriors.  The  largest  of  these 
have  a  magnitude  of  about  10  per  cent.  They 
are  tentatively  ascribed  to  peculiarities  of  the 
debris  used  in  experiments  and  to  imperfectly 
developed  laboratory  methods. 


CHAPTER  VII.— RELATION  OF  CAPACITY  TO  VELOCITY. 


PRELIMINARY  CONSIDERATIONS. 

Tho  work  of  stream  traction  is  accomplished 
by  the  movement  of  water  along  the  bed  of  the 
channel.  For  that  reason  the  system  of  water 
movements  and  water  velocities  near  the  bed 
is  intimately  related  to  the  load  or  capacity  for 
load.  In  certain  parts  of  this  paper  and  in 
the  writings  of  some  other  investigators  use  is 
made  of  the  term  "bed  velocity,"  or  its  equiva- 
lent, but  the  term  has  no  satisfactory  defuii- 
tion.  The  difficulties  which  are  encountered 
in  this  connection  have  to  do  also  with  the 
vertical  velocity  curve. 

In  all  the  streams  with  which  we  are  here 
concerned  the  flow  is  eddying  or  turbulent. 
At  any  point  the  direction  of  motion  and  the 


FiGXTRE  52. — Vertical  velocity  curve,  dra^vn  to  illustrate  its  theoretic 
character  near  the  stream's  bed.    OD  is  the  origin  of  velocities. 

velocity  are  constantly  changing.  If  a  mean 
be  taken  of  the  instantaneous  forward  com- 
ponents of  velocity — the  components  parallel 
to  the  axis  of  the  stream — it  gives  for  the 
point  a  mean  velocity  coordinate  with  the 
mean  velocity  for  the  cross  section  obtamed 
by  dividing  the  discharge  by  the  sectional  area. 
It  wiU  be  observed  that  the  mean  at  a  pomt  is 
a  mean  with  respect  to  time,  while  the  sec- 
tional mean  is  primarily  a  mean  with  respect  to 
space.  The  mean  at  a  point,  as  thus  defined, 
being  called  Fp,  the  vertical  velocity  curve 
may  be  defined  as  the  curve  olitained  by  plot- 
ting the  values  of  Fp  for  any  vertical  of  the 
current  in  the  irrelat  ion  to  depth.  As  commonl}^ 
chawn  by  hydrauUc  engineers,  it  terminates 
downwartl  at  some  distance  from  the  origiii  of 
velocities,  OD — say  at  B  in  figure  52 — comioting 
a  finite  velocity  for  the  water  in  actual  con- 


tact with  the  bed.  This  implication  contra- 
venes a  theorem  of  hydrodynamics  that  the 
velocity  at  contact  with  the  wall  of  a  con- 
duit is  either  zero  or  indefinitely  small.  The 
theorem  is  beUeved  to  have  been  established 
experimentally  l^y  the  work  of  J.  L.  M. 
PoiseuiUe  '  and  is  generally  accepted.  In  the 
direct  study  of  the  velocities  of  streams  instru- 
mental observation  is  not  carried  from  surface 
to  bed,  but  ceases  at  some  point,  C,  and  the 
drawing  of  the  curve  below  that  point  is  a 
matter  of  inference.  The  inference  accordant 
with  the  hydrodynamic  prmciple  is  that  the 
curve  changes  its  course  below  C  and  reaches 
the  origin  at  or  near  0.-  This  inference  accords 
also  with  our  observations  in  connection  with 
the  study  of  saltation  (see  p.  29);  and  those 
observations  suggest  likewise  that  the  curve  is 
materially  modified  by  the  resistances  to  the 
current  involved  in  the  work  of  saltation. 

It  thus  appears  that  in  the  region  with  which 
traction  studies  are  specially  concerned  the 
range  of  Fp  is  great.  The  work  of  traction 
depends  on  a  system  of  velocities  and  not  on  a 
single  one,  and  there  is  no  individual  value  of 
Fp  with  special  claim  to  the  title  ''bed  veloc- 
ity." It  would  be  possible  to  define  bed 
velocity  as  the  value  of  V^  at  some  particulai 
distance  from  the  bed  or  at  a  distance  consti- 
tuting some  particular  fraction  of  the  depth  of 
current;  but  such  a  definition  would  be  hard  to 
apply. 

However  smooth  a  stream  bed  of  debris  may 
be  in  its  general  asjiect,  it  is  never  smooth  as 
regards  details.     Figure  5-3  gives  an  ideal  pro- 


Figure  53. — Ideal  profile  of  a  stream  bed  composed  of  debris  grains. 

tile,  the  intersection  of  a  bed  by  a  vertical  jdane. 
Not  only  are  there  salients  and  reentrants,  but 
some  of  the  reentrants  communicate  with  the 
voids  within  the  mass  of  debris.     In  many  of 

1  See  Lamb's  Hydrodynamics,  3d  ed.,  p.  544, 1906. 

~  See  Cunningham,  Allan,  Hydraulic  experiments  at  Roorkee,  p.  46, 
1875,  and  Inst.  Civil  Eng.  Proo.,  vol.  71,  p.  23,  1S.S2,  where  he  discusses 
t  he  horizontal  velocity  curve:  and  Von  Wagner,  idem,  p.  90. 
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the  reentrants  arc  doubtless  stationary  eddies, 
with  reversed  currents  where  the  value  of  Vp  is 
negative.  It  appears  equally  difficult  to  give 
definition  to  the  bed  as  a  datum  from  which  to 
measure  upward,  and  to  select  and  define  a 
locus  for  bed  velocity.  There  is  reason  to  sus- 
pect also  that  the  problem  as  thus  stated  is 
unduly  simplified  by  the  assumption  that  the 
bed  is  a  stable  entity,  clearly  separate  from  the 
zone  of  saltation  above.  It  did  indeed  so  ap- 
pear when  the  process  of  saltation  was  studied 
through  the  glass  wall  of  the  observation 
trough,  but  what  was  witnessed  w^as  the  phase 
of  the  process  at  the  edge  of  the  channel  bed, 
where  the  current  was  retarded  by  the  resist- 
ance of  tlie  channel  wall.  At  a  distance  from 
that  waU,  in  the  region  where  the  cloud  of  sal- 
tatory particles  effectually  precludes  visual  ob- 
servation, the  passage  from  stal)ility  to  mobil- 
it}'^  may  be  less  definite.  I  am  led  to  this  sug- 
gestion by  the  observations,  quoted  byMcMath,' 
of  a  civil  engineer  who  descended  in  a  diving 
beU  to  the  bottom  of  the  Mississippi  at  a  point 
where  the  depth  was  6.5  feet  and  the  bottom  of 
sand.  Step])ing  to  the  bed,  he  sank  into  it 
about  3  feet,  and  then  thrusting  his  arm  into  the 
yielding  mass,  could  feel  its  flowing  motion  to  a 
depth  of  2  feet,  the  velocit}'  diminished  down- 
ward. In  interpreting  these  phenomena,  allow- 
ance must  be  made  for  the  fact  that  the  pres- 
ence of  the  diving  beU  created  an  abnormal 
condition  and  if  it  rested  on  the  bed  put  a  stop 
to  saltation.  The  flow  of  the  sand  is  then  to  be 
ascribed  to  the  difference  in  water  pressure  on 
the  two  sides  of  the  bell.  But  the  fact  of  the 
flow  seems  to  indicate  an  antecedent  state  of 
mobility,  a  layer  of  the  bed  being  supersatu- 
rated so  as  to  have  the  properties  of  quiclvsand. 
If  such  a  layer  exists,  then  the  transition  from 
the  bed  to  the  saltation  zone  is  not  abrupt  but 
gradual. 

The  difficulties  in  attempting  to  define  bed 
velocity  are  supplemented  by  those  which  affect 
the  measurement  of  velocities  near  the  bed 
while  traction  is  in  progress  (p.  26),  and  to- 
gether they  have  served  to  prevent  the  use  of 
bed  velocity  as  a  factor  for  quantitative  com- 
parison with  capacity.  This  residt  has  been 
regretted  because  the  forces  which  accomplish 
traction  are  applied  directly  through  the  veloc- 
ities of  water  near  the  bed,  and  it  was  admitted 

1  McMath,  R.  E.,  Van  Nostrand's  Mag.,  vol.  20,  p.  227, 1S79. 


only  after  the  failure  of  repeated  attempts  to 
obtain  serviceable  estimates  of  bed  velocity. 

In  the  present  chapter  observed  or  interpo- 
lated capacities  are  compared  with  mean  veloc- 
ities of  the  stream,  mean  velocity  being  com- 
puted as  the  quotient  of  measured  discharge  by 
measured  sectional  area.  The  measurements  of 
discharge  and  width  being  relatively  simple  and 
accurate,  the  determinations  of  mean  velocity 
have  the  same  degree  of  precision  as  the  meas- 
urements of  depth.      (See  p.  26.) 

In  comparing  capacity  with  mean  velocity, 
it  is  convenient  always  to  treat  fineness  of 
debris  and  wadth  of  channel  as  constants,  but 
it  is  also  advantageous  to  recognize  three 
separate  points  of  view  as  to  the  status  of 
discharge,  slope,  and  depth. 

First,  we  may  treat  discharge  as  constant, 
in  which  case  slope  and  depth  vary,  along  with 
velocity  and  capacity.  Each  of  the  observa- 
tional series  (Tables  4,  12,  and  14)  conforms 
to  this  viewpoint.  When  discharge  is  con- 
stant, the  increase  of  power  necessary  to 
increase  velocity  is  given  by  increase  of  slope, 
and  the  increase  of  velocity  causes  the  un- 
changed discharge  to  occupy  less  space.  As 
velocity  and  capacity  increase,  slope  increases 
and  depth  decreases. 

Second,  we  may  treat  slope  as  constant. 
With  slope  constant,  the  increase  of  power 
necessaiy  to  increase  velocity  is  given  by 
increase  of  discharge,  but  the  rate  at  which 
discharge  is  increased  is  greater  than  the  rate 
of  increase  given  to  velocity,  and  the  increased 
discharge  therefore  requires  more  space.  As 
velocity  and  capacity  increase,  both  discharge 
and  depth  also  increase. 

Third,  we  may  treat  depth  as  constant. 
To  increase  velocity  by  increasing  slope  will, 
as  we  have  seen,  reduce  depth.  To  increase 
velocity  by  increasing  discharge  will,  as  we 
have  seen,  increase  depth.  To  increase  velocity 
without  changing  depth,  it  is  necessary  to 
enlarge  both  slope  and  discharge.  No  experi- 
ments were  conducted  with  fixed  depths,  but 
the  data  for  this  comparison  are  readily 
obtained  by  interpolation. 

It  is  proposed  to  examine  the  relation  of 
capacity  to  velocity  from  each  of  these  view- 
points, developing  the  results  so  far  as  neces- 
saiy to  give  a  basis  for  a  comparison  of  the 
viewpomts. 
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A  prcliminaiy  romark  applies  to  all.  For 
eacli  grade  of  debris  and  width  of  channel, 
and  for  each  specific  assumption  of  a  constant 
discharge,  slope,  or  depth,  there  is  necessarily 
a  competent  mean  velocity,  below  which  no 
traction  takes  place.  The  conception  of  such 
a  competent  velocity  has  midcrlain  all  the 
discussions  of  competent  slope,  competent  dis- 
charge, competent  fineness,  and  competent 
form  ratio.  A  broad  analogy  therefore  points 
to  the  propriety  of  formulating  the  capacity- 
velocity  relation  as  other  relations  of  capacity 
have  been  formulated.  And  the  inference 
from  analogy  finds  support  in  logarithmic 
plots  of  C=f{  Tto)  imder  each  of  the  three  above- 
mentioned  conditions.  It  may  fairly  be  as- 
sumed, therefore,  that  the  index  of  relative 
variation  for  capacity  and  velocity  itself  varies 
with  velocity,  being  relatively  small  for  high 
velocities,  being  relatively  large  for  low  veloci- 
ties, and  becoming  indefuiitely  large  as  com- 
petent velocity  is  approached. 

For  the  purposes  of  this  chapter,  however, 
it  has  seemed  best  to  employ  a  simpler  method, 
using  only  the  syirthetic  index  of  relative 
variation — characterized  by  the  symbol  /. 
Calling  the  spithetic  index  for  the  variation 
of  capacity  with  respect  to  mean  velocity  Iv, 
we  may  conveniently  distinguish  by  Ivq,  Ivs 
and  Ivd  the  values  associated  severally  ^^^th 
the  special  cases  of  constant  discharge,  con- 
stant slope,  and  constant  depth. 

The  computations  of  the  index  are  made 
chiefly  by  the  formida 

J        log  C'-logC"  .     ^ 

•'^loo-  V  '-lofF  " ^^^> 

in  which  C  and  C"  are  specific  capacities,  and 
Vm'  and  Fm"  are  the  corresponding  mean 
velocities.  Graphically,  Iv  is  the  inclination  of 
a  line  connecting  two  points  of  which  the  coor- 
dinates are,  for  the  first,  log  C  and  log  F^',  and 
for  the  second,  log  C"  and  log  F^".  Where 
the  available  data  serve  to  place  more  than  two 
points  on  the  logarithmic  plot  of  C=f{  T',„),  defi- 
nite suggestion  may  thereby  be  made  that  the 
line  connecting  the  extreme  points  does  not 
constitute  the  most  probable  location  of  the 
chord  theoretically  corresponding  to  Iv]  and  in 
such  cases  a  line  is  cha^\^l  with  regard  to  all 
the  data,  and  its  inclination  is  measured  on  the 
plot. 


The  subject  of  competent  velocity,  whicli  is 
of  interest  independently  of  the  formulation  of 
capacity  and  velocity,  will  l)e  considered  at  the 
end  of  the  chapter. 

THE  SYNTHETIC  INDEX  WHEN  DISCHARGE  IS 
CONSTANT. 

In  Table  14  are  73  series  of  values  of  V„„ 
each  value  corresponding  to  a  stated  value  of  S. 
The  coordinate  series  in  Table  12  contain  values 
of  C  corresponding  to  the  same  values  of  S. 
From  each  pair  of  series  were  taken  the  highest 
and  lowest  values  of  F„and  the  corresponding 
values  of  C,  and  from  these  four  quantities  was 
computed  a  value  of  7f«.  The  73  values  of  the 
index  are  shown  in  Table  46,  where  the  arrange- 
ment is  such  as  to  exliibit  the  variation  of  the 
values  with  respect  to  discharge. 

Table  46. —  Vahtes  of  Ivq,  the  synthetic  index  of  relative 
variation  for  capacity  in  relation  to  mean  velocity,  when 
discharge  is  constant. 


Grade. 

«7 

Value  of  7^^  when  discharge  (ii 

nft.Vsec.)  is— 

0.093 

0.182 

0.363 

0.545 

0.734 

1.119 

(-A.) 
(B) 

(C) 

(D) 

(E) 
(F) 

(G) 

(H) 

1.32 
1.96 

.23 
.44 
.66 
1.00 
1.32 
1.96 

.44 
.66 
1.00 
1.32 
1.96 

.66 
1.00 
1.32 

.66 
1.00 

.66 
1.00 
1.32 

.66 
1.00 
1.32 

.66 

4.05 
3.55 

3.62 
3.22 

"2.'38"" 

5.43 
4.32 
5.76 

4.  .50 
4.45 
4.61 
5.68 
2.92 

2.93 
5.37 

■"4.'59" 

4.22 

■"2."48"" 
3.43 

5.15 
2.51 
3.38 

'"3.'49'" 

6.31 
3.36 

4.30 
3.29 
3.63 
2.54 

2.82 

3.  .56 
3.90 

4.  .36 

"4.' is" 
5.34 

5.98 
5.35 

6.67 
9.63 
8.41 

9.22 
8.  SO 
13.60 

12.57 

3.04 
2.  .52 
3.27 
3.74 

4.59 
4.34 

2.92 
3.11 
3.69 
3.69 

"■3."89" 

5.38 

4.30 
4.16 

3.94 
3.34 

6.00 
3.43 

3.10 

7.50 
11.46 

8.30 
8.49 
10.67 

8.97 

10.60 
8.03 
8.26 

8.49 

The  values  which  lie  ui  any  horizontal  Imc 
agree  as  to  all  conditions  except  discharge.  On 
comparing  the  columns  for  discharges  0.093  and 
0.182  ft.^/sec,  it  is  seen  there  are  six  lines 
carrymg  values  in  both  columns.  The  means 
of  these  values  are  4.80  and  4.21,  the  greater 
mean  belongiag  with  the  smaller  discharge.  In 
the  column  for  discharge  0.1 82  are  nine  values 
coordinate  with  values  m  the  column  for  dis- 
charge 0.363,  and  the  means  for  the  two  groups 
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of  nine  are  5.31  and  5.04.  Again  the  greater 
mean  is  associated  with  the  smaller  discharge, 
and  the  same  relation  is  found  by  other  com- 
binations. The  partial  means  resulting  from 
these  reductions  are  arranged  in  the  upper  divi- 
sion of  Table  47.  The  general  fact  exhibited  is 
that  the  index,  other  conditions  being  the  same, 
varies  uiversely  with  discharge. 

The  same  method  was  employed  to  discover 
the  nature  of  the  control  of  the  index,  first,  by 
grade  of  debris  and,  second,  by  width  of  chan- 
nel; and  the  partial  means  are  grouped  in  the 
middle  and  lower  divisions  of  Table  47.  Of 
the  eight  pairs  of  means  comiected  \\dth  grade, 
seven  agi-ee  in  testifying  that  the  index  varies 
mversely  vith  fineness.  The  exceptional  testi- 
mony comes  from  the  comparison  of  grades  (B) 
and  (C);  and  although  it  is  emphatic,  it  serves 
rather  to  illustrate  the  general  discordance  of 
data  from  the  experunents  with  grade  (B) 
than  to  cpialify  the  general  law  as  to  the  index. 

Table  47. — Partial  means  based  on  Tahle  46,  illustrating 
the  control  oflvq,  by  discharge,  fineness,  and  width. 


Number 

ot 
values. 

Means  otIyQ  for  discharge  (tt.s/sec.)  of- 

- 

0.093 

0.1S2 

0.363 

0.545 

0.734 

1.119 

6 

9 

16 

8 

4 
0 
9 
5 

4 
3 
3 

2 

1^ 
12 

7 

4.80 

4.21 
5.31 

6.04 
3.90 
6.58 

3.51 

5.47 
5.81 

"s.m' 

Means  of  ly^  for  grade— 

(A) 

CB) 

(C) 

(D) 

(!■-) 

(!•) 

(G) 

(H) 

3.45 

3.49 
4.01 

3.79 
3.34 
3.21 
3.44 

4.39 

5.17 

8.73 
'8^24 

5.19 

8.71 
10.54 
9.39 

io'oi" 

Means  of  ly^  for  width  (feet)  of— 

O.Zi 

0.44 

0.66 

1.00 

1.32 

1.96 

4.97 

4.38 
4.84 

3.80 
5.59 

5.S4 
5.56 

5.87 
3.36 

'  3.' 62" 

Of  the  five  pairs  of  means  comiected  with 
width,  three  show  increase  of  the  index  with 
increase  of  width  and  two  give  the  opposite 
indication.  The  contrasts  are  not  strong  hi 
any  case,  and  the  nature  of  the  law  is  not  clear. 


It  may  be  that  the  normal  variation  with 
width  is  so  slight  as  to  be  masked  by  accidental 
errors  of  the  data ;  or  it  may  be  that  the  index, 
like  the  constant  a,  is  a  minimum  function  of 
form  ratio. 

By  dividing  the  slope  interval  covered  by  a 
computed  value  of  the  index  and  computLng 
separately  the  indexes  for  the  two  subintervals, 
it  was  found  that  the  mdex  associated  with  the 
higher  slopes  has  a  smaller  value  than  that  for 
the  lower  slopes — that  is,  the  index  varies 
mversely  wdth  slopes. 

To  compare  the  control  of  capacity  by  mean 
velocity  -with,  its  control  by  slope  the  73  values 
of  /,„  (the  synthetic  index  of  relative  variation 
of  capacity  and  slope,  under  condition  of  con- 
stant width)  corresponding  to  the  tabulated 
values  of  7r«  were  computed.  Each  value  of 
Ivq  is  greater  than  the  corresponding  value  of 
/,„,  the  ratio  ranging  from  1.4  to  4.0.  The 
mean  of  73  values  of  Ivq  is  5.33;  the  mean  /„ 
is  2.05;  and  the  ratio  of  the  means  is  2.60.  It 
is  m  general  true  that  the  greater  the  mdexes 
the  greater  the  ratio  between  them. 

In  Table  48  means  of  the  two  indexes  are 
shown  for  the  several  grades  of  debris.  Each 
index  varies  with  fineness  and  so,  too,  does  the 
ratio  of  indexes. 

Table  48. — Synthetic  indexes,  comparing  the  control  of  ca- 
pacity by  mean  velocity  with  the  control  by  slope,  and  com- 
paring both  controls  with  grades  of  debris. 


Number 

of 

separate 
determina- 

Mean Iw 

Mean  ly^ 

tions. 

(A) 

5 

3.62 

1.87 

1.93 

0.52 

(B 

18 

4.35 

1.94 

2.24 

.45 

(C) 

.       19 

3.57 

1.85 

1.93 

.52 

f,^) 

9 

4.50 

1.87 

2.41 

.42 

E) 

5 

5.17 

1.83 

2.83 

.35 

(F 

5 

8.73 

2.27 

3.84 

.26 

(G) 

9 

9.56 

2.60 

3.68 

.27 

(H) 

3 

10.01 

3.20 

3.12 

.32 

73 

5.33 

2.05 

2.60 

.38 

MEAN  VELOCITY  VERSUS  SLOPE. 

The  comparison  of  Ivq  with  ly,  affords, 
incidentally,  an  estimate  of  the  relative  varia- 
tion of  mean  velocity  and  slope.  The  rate  of 
variation  of  capacity  with  mean  velocity  being 
Ivq,  the  rate  of  variation  of  mean  velocity  with 
capacity  is  I/Ivq;  and  the  rate  of  variation  of 
capacity  with  slope  bemg  /„,,  the  rate  of 
variation    of    mean    velocity    with    slope    is 
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1/IvqX1w=Iw/Ivq.  The  values  of  /,„//,«  listed 
in  Table  48  are  therefore  estimates  of  the  rela- 
tive variation  of  mean  velocity  in  relation  to 
slope,  and  they  have  the  same  quahty  as  the 
correspondmg  values  of  /„  and  Ivq.  They  are 
subject  to  the  hmiting  conditions  of  constant 
discharge,  fineness,  and  width,  and  they  are  av- 
erages of  variability  for  practically  the  enthe 
range  of  conditions  reahzed  in  the  laboratory, 
with  the  exception  of  those  in  the  immediate 
neighborhood  of  competence.  For  this  range 
of  conditions  mean  velocity  varies,  on  the 
average,  as  the  0.38  power  of  the  slope. 

This  result  is  comparable  with  the  generali- 
zation embodied  in  the  Chezy  formula,  which 
makes  mean  velocity  vary  with  the  0.5  power 
of  the  slope.  The  two  are  not  inconsistent 
because  they  pertain  severally  to  loaded  and 
loadless  streams.  In  a  loaded  stream  increase 
of  slope  augments  load  and  thus  develops 
rapidly  a  factor  of  resistance  from  which  the 
loadless  stream  is  free.  Velocity,  being  lim- 
ited by  resistances,  develops  less  rapidly  when 
the  conditions  are  such  that  the  resistances 
develop  more  rapidly'. 

THE  SYNTHETIC  INDEX  WHEN  SLOPE  IS 
CONSTANT. 

For  a  selected  slope,  values  of  V„,  may  be 
found  in  Table  14  which  agree  as  to  width  of 
channel  and  grade  of  debris  and  differ  only  as 
to  the  discharges  with  which  they  are  asso- 
ciated; and  in  Table  12  may  be  found  the  cor- 
responding values  of  capacity.  Such  pairs  of 
values,  when  occurring  in  series  of  two  to  five, 
constitute  data  for  the  computation  of  values 
of  Irs-  To  cover  the  entire  range  of  tabulated 
data  without  needless  repetition  choice  was 
made  of  slopes  0.6,  1.0,  1.4,  and  2.0  per  cent. 
The  data  associated  with  these  slopes  gave  66 
values  of  the  index,  the  values  being  essen- 
tially independent  except  in  a  few  instances. 
They  are  shown  in  Table  49.  From  them  were 
derived  the  sets  of  partial  means  arranged  in 
Table  50,  the  method  of  derivation  being  that 
described  in  connection  with  Table  47. 

The  means  show  that  Ivs  varies  inversely 
with  slope,  the  variation  being  of  moderate 
amount.  They  leave  Httle  question  that  it 
varies  inversely  with  fineness,  though  the  evi- 
dence is  somewhat  conflicting.     They  indicate 


also  a  direct  variation  with  trough  width,  the 
opposite  tendency  being  indicated  only  by  the 
means  for  the  greatest  widths.  The  plots  of 
the  data,  not  here  reproduced,  show  that  the 
index  varies  inversely  with  discharge. 

Table  49. —  Values  of  Ivs,  the  synthetic  index  of  relative 
variation  for  capacity  in  relation  to  mean  velocity,  when 
slope  is  constant. 


Grade. 

S 

Value  of  /(-s  lor  width  (feet)  of— 

0.23 

0.44 

0.66 

1.00 

1.32 

1.% 

(A) 
(B) 

(C) 

CD) 
(E) 

(F) 

.Ofl 

.6 
1.0 
1.4 
2.0 

.6 
1.0 
14 
2.0 

.6 
1.0 
2.0 

.6 
1.0 
1.4 
2.0 

1.0 
1.4 
2.0 

1.0 
1.4 
2.0 

1.4 
2.0 

2.18 

3.24 
3.40 
3.24 

1.87 

5.15 
4.62 

3.82 
4.39 
3.80 
4.95 

3.20 

2.98 
2.34 
1.59 

3.53 
3.40 
2.72 

4.60 
4.10 
4.45 
4.17 

3.31 
3.01 

3.35 

2.42 
3.30 

2.60 

4.38 
2.83 
2.89 

4.20 
3.48 
3.10 

2.80 
2.45 
2.03 
1.33 

2.55 
2.49 
2.85 

3.38 
3.06 

2.85 
2.79 

2.94 
5.80 

4.72 

4.62 
4.92 
3.10 

4.10 

1  

3.68 
2.29 

2.39 

2.21 

4.86 
4.92 

3.97 
3.63 
3.50 

9.78 
5.S4 

6.50 

2.06 
6.05 

1 

Table  50. — Partial  means  based  on   Table  49,  illustrating 
Vie  control  of  Ivs  by  slope,  fineness,  and  width. 


Number 

of 
values. 

Means  of  I^y  for  slope  (per  cent)  of— 

0.6 

1.0                     1.4 

2.0 

12 
16 
11 

2 
13 
6 
4 
5 
2 

1 
4 
18 
11 
6 

3.68 

3.35     

4.23 

3.81 

Means  of  ly^  for  grade — 

(A) 
2.02 

(B) 

4.19 
3.81 

(C) 

(D) 

(E) 

(F) 

(C.) 

(H) 

2.87 
30.5 

3.13 
2.82 

3.23 
2.93 

4.11 

4.05 
3.56 

"7."  si' 

Means  of  ly^  for  width  (feet)  of— 

0.23 

0.44           0.66 

1.00 

1.32 

1.96 

2.42 

2.60 
3.17 

3.23 
3.57 

3.47 
3.72 
3.46 

3.54 

2.97 

3.71 
3.27 

"3."  is' 

1 

1 
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THE   SYNTHETIC   INDEX   WHEN   DEPTH   IS 
CONSTANT. 

The  capacities  and  mean  velocities  corre- 
sponding to  particular  depths  were  derived  from 
the  computation  sheets  described  on  page  95. 
The  selected  depths  were  0.10,  0.14,  0.20,  and 
0.28  foot,  and  the  data  available  for  these  depths 
afforded  32  values  of  the  synthetic  index,  hd- 
The>^e  arc  recorded  in  Table  51,  and  partial 
means  derived  from  them  are  arranged  in 
Table  52  so  as  to  show  variation  in  relation  to 
fineness  of  debris  and  width  of  channel. 

Table  b\.— Values  of  Tva,  the  synthetic  index  of  relative 
variation  for  capacity  in  relation  to  mean  velocity,  when 
depth  of  current  is  constant. 


Width 

(feet). 

Depth 

(feet). 

Value  ol  Ivd  for  grade— 

(A) 

CB) 

(C) 

(D) 

(E) 

(0) 

0.44 
.66 

l.OO 

1.32 
1.96 

0.14 

.10 
.14 
.20 
.28 

.14 
.20 
.28 

.10 
.14 
.20 

.10 
.14 
.20 

3.73 

2.59 
3.16 
3.39 
2.62 

3.59 

2.80 
3.44 

3.86 
3.10 

4.12 
3.51 

3.17 
3,31 

4.02 

4.46 

"'7.' 86" 

3.66 

"2.' 36"' 
2.23 

3.05 
2.17 
2.03 

3.92 
3.41 
4.50 

3.52 

'7.22' 

3.02 
3.60 
4.27 

Table  52. — Partial  means  based  on  Table  51,  illustrating  the 
control  of  Ivi,  by  fineness  and  width. 


Number 

of 
values. 

Means  of  In  for  grade— 

(A) 

(B) 

(C) 

(D) 

(E) 

(0) 

4 

8 
3 
1 
2 

1 
4 
3 

2. 87          3. 03 
3.59 

3.40 
3.16 
3.44 

3.40 

4.46 

"7.54  " 

3.04 

Means  of  Ivd  for  \iidth  (feet)  of— 

0.44 

0.06 

1.00 

1.32 

1.  or, 

3.73 

3.28 
3.46 
3.71 

3.17 

2.88 

1 

With  a  single  exception  in  each  group  of 
means,  the  indication  is  that  the  index  varies  in- 
versely with  fineness  and  directly  with  width. 
Under  the  condition  of  constant  depth  each 
change  in  mean  velocity  ij  accompanied  by 
changes  of  both  slope  and  discharge,  and  the 
influences  of  the  two  can  not  be  examined  sepa- 


rately. The  features  of  the  logarithmic  plots, 
not  here  reproduced,  show  that  the  index  varies 
inversely  with  slope  and  discharge,  considered 
together. 

THE  THREE  INDEXES. 

In  bringing  together  the  results  outlined  in 
the  preceding  paragraphs  we  may  replace  width 
of  channel  by  form  ratio,  bearing  in  mind  that 
the  two  factors  are  so  related  that  theii"  varia- 
tions are  in  opposite  senses.  So  far  as  qualita- 
tive statement  is  concerned,  the  three  syn- 
thetic indexes  are  identical  in  properties.  The 
sensitiveness  of  capacity  for  traction  to  the 
control  of  mean  velocity  of  current  varies  in- 
versely with  slope  of  channel,  discharge,  fine- 
ness of  debris,  and  form  ratio. 

h=f(^,^,P,h.-. (81) 

As  to  the  first  tliree  conditions  the  generaliza- 
tion is  unqualified,  but  it  is  possible  that  the 
function  as  to  form  ratio  is  of  the  minimum 
class  instead  of  inverse. 

The  three  indexes  are  not  of  the  same  mag- 
nitude. In  comparing  them  Ivd  was  made  the 
standard,  partly  because  the  values  computed 
for  it  are  fewer.  To  compare  with  each  of  its 
32  values,  that  value  of  Ivs  which  most  nearly 
represents  the  same  group  of  conditions  was 
selected,  and  also  a  pair  of  values  of  Ivq  which 
collectively  represent  nearly  the  same  condi- 
tions. Means  were  then  derived  for  each  index 
for  each  of  the  six  grades  to  which  they  pertain, 
and  also  general  means — all  of  which  are  shown 
in  Table  53.  In  the  same  table  are  the  ratios 
between  general  means  and  also  between  the 
correspondiag  grade  means.  For  the  general 
means  Ivq  is  7  per  cent  greater  than  Ivd,  and  Iv<i 
is  the  greater  for  all  the  partial  means  but  one. 
For  all  the  partial  means  but  one  Ivs  is  smaller 
than  Ivd,  and  for  the  general  means  it  is  9  per 
cent  smaller.  Capacity  is  most  sensitive  to 
the  mean  velocity  conditioned  by  constant  dis- 
charge and  least  sensitive  to  the  mean  velocity 
conditioned  by  constant  slope. 

These  results  have  a  theoretic  connection 
with  the  fact  that  capacity  is  more  sensitive 
to  changes  of  slope  than  to  those  of  discharge. 
When  discharge  is  constant  the  changes  of 
velocity  are  caused  by  changes  of  slope,  and 
the  changes  in  capacity  are  those  due  to  the 
changes  of  slope.  When  slope  is  constant  the 
changes  of  velocity  are  caused  by  changes  of 
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discharge,  and  the  changes  in  capacity  are 
those  due  to  changes  of  discharge.  When 
depth  is  constant  the  changes  of  Telocity  are 
caused  by  concurrent  changes  of  slope  and 
discharge,  and  the  changes  in  capacity  are 
intermediate  between  those  caused  by  slope 
alone  and  by  discharge  alone. 

Table  53. — Comparison  of  synthetic  indexes  of  relative  vari- 
ation/or capacity  and  mean  velocity,  under  the  several  con- 
ditions of  constant  discharge,  constant  depth,  and  con- 
stant slope. 


Means. 

1 
Ratios. 

Grade. 

Number 
of  com- 

IvQ 
hi 

parisons. 

^VQ 

IVd 

hs 

ha 
hi 

(A) 

4 

3.  .34 

2.87 

1.97 

1.16 

0.69 

(B) 

9 

3.55 

3.41 

4.  19 

1.04 

l.2:i 

(C) 

13 

3. 1'.0 

3.53 

2.96 

1.01 

.83 

(D) 

3 

4.14 

3.40 

2.63 

1.22 

77 

(E) 

1 

4.39 

4.46 

3.06 

.99 

.69 

(G) 
General 

2 
means 

8.,S4 

7.54 

3.86 

1.17 

.51 

3.9S 

3.08 

3.21 

1.07 

.91 

It  is  profitable  to  consider  the  same  facts 
also  in  relation  to  depth  of  current.  Postulate 
an  initial  status,  with  a  particular  discharge 
and  slope,  determining  a  certain  velocity, 
depth,  and  capacity.  First,  increase  the  slope 
until  the  velocity  is  doubled.  The  capacity  is 
increased,  let  us  say  (borrowing  mean  Im 
from  the  table)  to  15.8  times  its  initial  amount. 
At  the  same  time  the  depth  is  reduced  one- 
half.  Second,  after  returning  to  the  initial 
status,  uicrease  slope  and  discharge  by  such 
amounts  as  to  double  the  velocity  without 
changing  the  depth.  The  capacity  grows 
(mean  Ivd)  to  12.8  times  its  original  amount. 
Third,  starting  from  the  initial  condition  as 
before,  increase  the  discharge  until  velocity  is 
doubled.  The  capacity  grows  (mean  Ivs)  to 
9.2  times  its  original  amount;  and  the  depth 
is  at  the  same  time  increased,  being  more  than 
doubled.  Thus,  for  the  same  (doubled)  mean 
velocity,  the  capacity  is  greater  as  the  depth 
is  smaller.  Mean  velocity  is  more  efficient  for 
traction  as  depth  is  less. 

Now,  the  primary  direct  cause  of  stream 
traction  is  bed  velocity.  A  concurrent  cause 
theoretically  exists  in  the  component  of  gravity 
parallel  to  the  slope,  acting  directly  on  the 
load,  but  for  all  ordinary  stream  slopes  this 
factor  is  neghgible.  Slope  and  discharge  are 
(essentially)  indirect  causes  and  are  causes 
only  in  so  far  as  they  occasion  bed  velocity. 
They  also  determine  mean  velocity,  and,  from 
20921°— No.  86—14 11 


one  point  of  view,  mean  velocity  may  be  said 
to  control  capacity  by  controlling  bed  velocity. 

Let  us  assume,  for  the  moment,  that  bed 
velocity  determines  capacity  irrespectively  of 
depth.  Then  the  variations  of  capacity  above 
described  imply  corresponding  variations  of  bed 
velocity,  and,  as  the  mean  velocity  does  not 
change,  we  may  infer  that  the  ratio  of  bed  ve- 
locity to  mean  velocity  is  a  function — a  de- 
creasing function — of  depth. 

This  proposition  is,  to  say  the  least,  worthy 
of  consideration,  but  it  fails  of  demonstration 
because  the  assumption  which  paved  the  way 
for  it  is  not  vahd.  It  is  not  true  that  the  rela- 
tion of  capacity  to  bed  velocity  is  independent 
of  depth.  In  the  first  place,  change  of  depth, 
when  not  accompanied  by  change  of  mean  ve- 
locity, causes  change  in  the  mode  of  traction. 
Within  the  range  of  the  above  hj'pothetic  con- 
ditions may  occur  both  the  dune  rhythm  and 
the  antidune  rhythm;  and  at  least  one  of  these 
has  an  influence  on  capacity.  Moreover,  these 
rhythms  involve  diversity  of  velocity  from 
point  to  point  along  the  bed,  so  that  "  bed  ve- 
locity" has  not  a  simple  definition. 

In  the  second  place,  the  load,  or  the  work  of 
traction,  reacts  on  the  vertical  distribution  of 
velocities.     In  figure  54  the  Hue  ABO  is  as- 


FiGUEE  54.— Ideal  cur\-es  ol  velocity  in  relation  to  depth,  illustrating 
their  relation  to  the  zone  of  saltation.  0=zero  of  velocity  (horizontal) 
and  of  distance  from  the  bottom  (vertical). 

sumed  as  the  vertical  velocity  curve  of  a  stream 
flowing  in  a  straight  conduit  and  bearing  no 
load.  A'B'C,  identical  except  as  to  vertical 
dimensions,  is  assumed  as  the  curve  correspond- 
ing to  the  same  mean  velocity  in  a  current  one- 
half  as  deep.  Introducing,  now,  the  condition 
of  traction,  we  may  represent  the  upper  limit 
of  the  zone  of  saltation  by  the  line  DE.  The 
potential  velocities  within  the  zone  are  evi- 
dently quite  different  for  the  two  depths  of  cur- 
rent, and  they  give  advantage,  for  traction,  to 
the  shallower  current.  The  work  of  saltation 
tends  to  retard  the  lower  filaments  of  current 
and  throusfh  these  the  higher  filaments,  r^-duc- 
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ing  the  mean  velocity  and  increasing  the  depth. 
If  mean  velocity  and  depth  be  restored  by  suit- 
able changes  in  slope  and  discharge,  a  new  and 
different  vertical  velocity  curve  will  be  obtained 
for  each  depth.  Wliile  I  am  not  able  to  de- 
duce the  exact  nature  of  the  changes,  it  seems 
clear  that  those  portions  of  the  new  curves 
withui  the  zone  of  saltation  will  be  contrasted 
in  some  such  way  as  are  the  potential  curves  of 
the  di-a-wing,  and  that  for  purposes  of  traction 
the  advantage  will  still  be  with  the  shallow 
current.  Provided  the  portions  of  the  ve- 
locity curves  ^\^thin  the  zone  of  saltation  show 
steeper  gradient  for  the  current  of  less  depth, 
tractional  capacity  will  for  that  current  bear 
a  higher  ratio  to  mean  velocity. 

RELATIVE  SENSITIVENESS  TO  CONTROLS. 

The  synthetic  index  of  relative  variation  for 
capacity  in  relation  to  mean  velocity,  when  the 
limitmg  condition  isconstant  discharge,  namel}, 
IvQ,  has  been  estimated  (p.  158)  as  2.60  times 
the  corresponding  index,  1^,  for  capacity  in 
relation  to  slope.  The  same  index  has  been 
estimated  (Table  53)  as  1.07  times  Ivd  and  1.19 
times  Ivs.  Combination  of  ratios  indicates 
that  Ivd  is  2.43  times  and  Ivs  2.18  times  as 
great  as  7„.  Wliile  these  figures  have  an 
appearance  of  exactitude,  their  order  of  pre- 
cision is  really  low.  They  are  built  on  aver- 
ages of  individual  values  of  mdexes,  which 
among  themselves  are  highly  diversified.  At 
best  they  represent  the  average  of  values 
covered  by  the  range  of  experiments  in  the 
laboratory,  but  in  part  they  are  based  on 
values  covering  much  narrower  ranges.  More- 
over, it  was  not  possible,  except  in  the  case  of 
Ira  and  /„,  to  derive  the  compared  series  of 
values  of  the  index  from  data  representing 
exactly  the  same  conditions.  For  these  rea- 
sons the  numerical  results  should  be  accepted 
only  as  indicating  an  order  of  sequence  and  an 
order  of  magnitude.  The  quantitative  re- 
sponse of  capacity  to  the  change  of  mean 
velocity  is  much  larger  than  its  response  to 
change  of  slope,  probably  more  than  twice  as 
large.  Minor  differences  depend  on  the  con- 
ditions under  which  mean  velocity  varies. 
The  response  is  greatest  when  velocities  are 
subject  to  the  condition  of  constant  discharge, 
less  when  the  restrictive  condition  is  constant 
depth,  and  least  when  it  is  constant  slope. 


COMPETENT  VELOCITY. 

The  demonstrations  by  Leslie,  Hopkins, 
Airy,  and  Law  of  the  proposition  that  the 
diameter  of  the  largest  particle  a  current  can 
move  is  proportional  to  the  square  of  the 
velocity  involve  the  prmciple  that  the  pressure 
of  a  current  is  proportional  to  the  scjuare  of  its 
velocity,  and  also  the  assumption  that  the 
forward  pressures  on  different  parts  of  the 
particle  are  the  same,  so  that  the  total  pressure 
is  proportional  to  the  sectional  area  of  the 
particle.'  Under  that  assumption  the  total 
pressure  may  be  conceived  as  applied  to  the 
center  of  gravity  of  the  particle,  a  considera- 
tion of  importance  when  the  motion  given  to 
the  particle  is  of  the  nature  of  rolling  or  over- 
turning. These  assumptions  are  not  strictly 
true,  because  in  the  immediate  vicinity  of  the 
channel  bed  the  velocity  increases  with  dis- 
tance from  the  bed.  Moreover,  as  wo  have 
seen  (p.  29),  the  rate  of  increase  is  a  diminish- 
ing rate.  As  a  consequence  of  the  inec|uality 
of  velocity  and  its  mode  of  distribution  (1) 
the  average  pressure  on  the  upstream  face  of  a 
large  particle  is  greater  than  the  corresponding 
average  pressure  on  a  small  particle,  (2)  the 
point  of  application  of  the  total  pressure  (the 
point  which  determines  the  lever  arm  in  over- 
turning and  rolling)  is  always  above  the  center 
of  gravity,  and  (3)  the  point  of  application  may 
be  differently  related  to  the  center  of  gravity 
in  particles  of  different  sizes.  The  general 
effect  of  these  c(ualifying  circumstances  is  to 
reduce  the  difficulty  of  moving  large  particles, 
and  thus  to  make  the  rate  at  which  competent 
diametsr  of  particle  increases  with  velocity  (at 
any  particular  level)  somewhat  greater  than 
that  of  the  square  of  the  velocitj'. 

On  the  other  hand,  it  is  to  be  observed  that 
in  stream  traction  the  rouglmess  of  the  channel 
bed  is  defined  by  the  coarseness  of  the  load, 
and  the  system  of  velocities  near  the  bed  is  a 
function  of  several  things,  one  of  which  is  the 
roughness.  It  is  by  no  means  impossible  that 
the  vertical  velocity  curve  of  a  stream  flowing 
over  a  bed  of  coarse  d6bris  is  an  enlarged 
replica  of  the  curve  of  a  shallower  stream 
flowing  over  a  bed  of  finer  debris,  in  which  case 
the  law  of  LesUe  might  hold  despite  the  quali- 
fications mentioned  above.    The  problem  is  too 

'  For  references  see  footnote  on  page  16. 
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complicated,  for  tlio  prosciit  at  least,  for  full 
deduetive  treatment,  and  there  are  no  adequate 
experimental  data. 

Most  of  the  earlier  experiments  on  compe- 
tence pertaiixed  to  flume  traction,  but  it  is 
probable  that  in  those  of  T.  Login  (1857)  the 
conditions  were  such  as  to  give  stream  traction. 
The  currents  he  employed  were  shallow,  and  he 
measured  velocities  by  means  of  floats  whicli 
occupied  half  the  depth  of  the  water.'  As 
dimensions  of  transported  particles  are  not 
included  ui  his  report  of  observations,  a  numer- 
ical formida  can  not  be  based  on  it. 

Experimental  data  on  competent  velocity  for  stream  traction. 

|By  T.  Losin.] 

Velocity 
in  ft. /sec. 

Brick  clay,  mixed  with  water  and  then  allowed  to 

settle 0.  25 

Fresh- water  sand 67 

Sea  sand 1.  10 

Rounded  pebbles,  size  ( if  peas 2.  00 

Jolm  S.  Owens,  experimenting  on  the  trans- 
porting power  of  sea  curi'ents,  made  use  of 
small  streams  flowing  from  one  tide  pool  to 
another.  Measurmg  velocities  by  means  of 
floats,  he  tested  the  ability  of  cun-ents  to  move 
pebbles,  0.5  inch  to  6  iiiches  in  diameter,  over 
a  chamiel  bed  of  sand.^  His  results  are  formu- 
lated in 

^'i-lf_64 

where  D^  is  diameter  of  pebble  in  mches,  T' 
velocity  in  ft. /sec.,  and  TFthe  weight  in  pounds 
of  a  cubic  foot  of  the  material  of  the  pebble. 
This  is  equivalent  to 

/>^^P (82) 

where  D  \s  the  diameter  m  feet  and  G  the  (Umx- 
sity  of  the  material.^ 

Of  tlie  Berkeley  experiments  on  compe- 
tence, recorded  in  Tables  9  and  10,  a  single 
series  bears  on  the  point  under  consideration, 
but  its  bearing  is  less  diiect  than  could  be 

>  Royal  Soe.  Kdinburgh  Proc,  vol.  3,  p.  473,  ls.-,r. 

-  r.eog.  Jour.,  vol.  31,  pp.  415-420,  190S. 

3  See  also  e.Kperimenls  by  T.  E.  Blackwell,  cited  in  Chapter  XII. 


desired.  By  selecting  from  Table  9  data  cor- 
responding to  a  trough  width  of  1  foot  and  a 
discharge  of  0.363  ft.Vsec.  I  was  able  to  make  a 
logarithmic  plot  of  diameters  of  particles  of 
grades  (B),  (C),  (D),  (E),  (G)  in  relation  to 
competent  mean  velocities,  and  this  plot  gave 
the  following  equation: 


Z)  =  0.002o 


(S3) 


The  exjjoncnt  2.7  is  connected  with  the  fact 
that  Vj„  in  tliis  case  is  mean  velocity  mth  dis- 
charge constant.  It  is  easy  to  infer  from  the 
data  assembled  in  Table  53  that  if  either  depth 
or  slope  had  been  the  constant  concUtion  in  the 
experiments  a  smaller  exponent  would  be  in- 
dicated. So  the  possibihty  remains  that  the 
Leslie  law  is  true  of  mean  velocities  provided 
the  depths  increase  along  with  the  velocities, 
and  the  experimental  data  manifestly  do  not 
apply  to  bed  velocities. 

In  order  to  compare  the  Berkeley  observa- 
tions with  I^ogin's,  the  diameters  of  Ms  mate- 
rials have  been  computed  by  equation  (83). 
The  diameter  found  for  brick  clay,  0.00006  foot, 
is  much  too  large;  but  this  result  is  readily 
accounted  for  by  the  fact  that  adhesion  is  an 
important  factor  in  the  resistance  of  clay  to 
the  action  of  the  current.  If  the  computed 
diameters  for  his  "fresh-water  sand,"  0.00085 
foot,  and  "sea  sand,"  0.0032  foot,  are  correct, 
those  materials  correspond  severally  to  our 
grades  (A)  and  (D),  a  very  fine  sand  and  a 
coarse  sand.  The  diameter  found  for  "peb- 
bles, size  of  peas,"  is  0.016  foot,  or  one-fifth  of 
an  inch. 

The  coefficient  obtained  by  Owens,  0.059  in 
equation  (82),  is  14  times  as  large  as  our  coeffi- 
cient, 0.0042  in  equation  (83),  a  contrast 
wliich  accords  in  a  general  way  with  the  cfiffer- 
ence  between  the  classes  of  phenomena  ob- 
served. The  pebbles  he  tested  were  rolled 
over  a  bed  of  lelatively  fine  material,  wliich 
gave  them  a  smooth  pathway  with  Uttle  resist- 
ance, while  the  grains  to  be  moved  in  our 
experiments  rested  among  similar  grains  and 
were  less  readilv  dislodged. 


CHAPTER  VIII.— RELATION  OF  CAPACITY  TO  DEPTH. 


INTRODUCTION. 

As  a  condition  controlling  capacity  for  trac- 
tion, depth  lias  several  distinct  aspects;  and  the 
nature  of  its  control  depends  altogether  on  the 
character  of  associated  conditions.  Three  as- 
pects wiW.  here  be  considered.  They  all  assume 
that  size  of  debris  and  width  of  channel  are 
constant,  and  they  are  severally  characterized 
by  the  hmiting  conditions  of  constant  discharge, 
constant  slope,  and  constant  mean  velocity. 
In  examining  the  nature  of  the  controls,  and  in 
comparing  them  with  one  another  and  with 
other  controls,  use  will  be  made  of  the  syn- 
thetic index ;  and  the  method  of  discussion  will 
be  similar  to  that  of  the  preceding  chapter. 
The  symbols  for  the  synthetic  index,  under  the 
three  hmitmg  conditions,  will  be  severally 

/rf«.  Ids,  and  lav 

WHEN  DISCHARGE  IS  CONSTANT. 

A  stream  of  constant  discharge,  flowing  in  a 
channel  of  constant  width,  can  change  its  depth 
only  by  changing  its  mean  velocity,  and  depth 
and  velocity  vary  in  opposite  senses.  What- 
ever the  ratio  by  which  the  mean  velocity  is  in- 
creased or  diminished,  the  depth  dinunishes  or 
increases  in  the  same  ratio.  It  follows  that 
the  law  of  change  for  capacity  in  relation  to 
mean  velocity  is  the  inverse  of  the  law  of  change 
for  capacity  in  relation  to  depth.  So  far  as 
these  laws  are  expressed  by  values  of  the  syn- 
thetic mdexes, 

idq—  ~  Ivv 

Independent  computations  of  7^,  are  there- 
fore unnecessary,  as  the  values  of  Ivq  in  Tables 
46,  47,  and  48  need  oiily  change  of  sign  to 
become  the  corresponding  values  of  /<;«.  The 
following  summary  statement  of  the  general 
features  of  the  control  of  capacity  by  depth 
is  but  a  condensation  and  adaptation  of  the 
statement  on  pages  157-158. 

Under  the  condition  of  constant  discharge 

capacity  varies  inversely  with  depth.     Its  rate 

of  variation  is  more  than  twice  the  rate  at 

which  it  varies  with  slope   of  channel.     The 
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rate  responds  to  changes  in  discharge,  slope  of 
chaimel,  fineness  of  debris,  and  form  ratio, 
diminishing  as  those  factors  increase  (with 
possible  exception  as  to  form  ratio). 

Depth,  when  subject  to  the  condition  of  con- 
stant discharge,  varies  inversely  with  slope. 
Estimates  of  the  average  rate  of  variation  are 
contained  in  the  last  column  of  Table  48. 

WHEN  SLOPE  IS  CONSTANT. 

A  stream  flowmg  down  a  constant  slope,  in 
a  chamiel  of  constant  width,  and  transporting 
debris  of  a  particvdar  grade  changes  its  depth 
when  the  discharge  is  changed.  The  depth  is 
greater  as  the  discharge  is  greater.  The 
capacity  for  traction  also  is  greater  as  the 
discharge  is  greater.  Therefore  the  capacity 
varies  in  the  same  sense  as  the  depth. 

Table  54  contains  68  values  of  Us,  com- 
puted from  data  of  Tables  12  and  14.  The 
method  of  derivation  was  identical  with  that 
already  described  for  Table  49,  wath  the  excep- 
tion that  values  of  depth  were  used  instead  of 
values  of  mean  velocity. 

Table  54. —  Values  of  I^s,  the  synthetic  index  of  relative  vari- 
ation for  capacity  in  relation  to  depth  of  current,  when  slope 
is  constant. 


Grade. 

S 

Value  o(  Id."  for  width  (feet)  of— 

0.23 

0.44 

0.66 

1.00 

1.32 

1.96 

(A) 
(B) 

(C) 

(D) 

Ce; 

(F) 
(H) 

0.6 

.6 
1.0 
1.4 
2.0 

.6 
1.0 
1.4 
2.0 

.6 
1.0 
1.4 
2.0 

.6 
1.0 
1.4 
2.0 

1.4 
2.0 

1.0 
1.4 
2.0 

1.0 
1.4 
2.0 

2.31 

2.93 
2.  .12 
2.36 

2.28 

2.14 

1.85 
1.41 

2.02 
2.05 
1.78 
1.59 

2.27 
1.98 
2.34 
2.27 

1.84 
2.18 
2.01 
1.87 

2.40 
2.18 
1.97 
1.83 

2.51 
2.22 
2.04 
2.22 

1.97 
2.30 

2.16 
2.75 

1.90 
1.70 
1.79 
2.00 

3.59 

2.87 

3.02 
2.91 
2.51 

1.07 
.S9 

2.17 

3.44 
2.12 
1.80 

2.56 
2.85 
2.36 

3.29 
2.13 
2.65 

2.03 
2.12 



1.02 
1.09 

2.40 
2.03 

2.74 
2.18 
1.96 

2.37 
2.95 
2.22 

3.8S 
3.07 
3.01 
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The  derivation  of  means  in  Table  55  followed 
the  precedents  of  Tables  47  and  50.  An  ex- 
amination of  logarithmic  plots  shows  that  Ids 
varies  iiiversely,  but  only  shghtly,  with  dis- 
charge. The  means  in  Table  55  show  that  it 
varies  inversely  wdth  slope  and  fineness,  but 
they  give  no  clear  indication  of  its  essential  re- 
lation to  width. 

Table  55. — Partial  means  based  on  Table  54,  illuslratirvj 
the  control  of  I^s,  by  slope,  fineness,  and  width. 


Num- 
ber of 
values. 

Means  of  Us  for  slope  (per  cent)  of— 

0.6 

1.0                    1.4 

2.0 

14 

18 

i:i 

2 
15 
10 
6 
4 
8 
3 

2 
4 
19 
11 

6 

2. 66 

2.13 
2.12 

2.10 
2.10 

2.24 

Means  of  Ids  for  grade— 

(A) 

(B) 

(C) 

(D) 

(E) 

(F) 

(G) 

(H) 

2.29 

2.53 
2.08 
2.13 

2.39 
2.33 
2.22 
2.22 
2.28 
2.20 

2.12 
2.23 
2.20 

1.55 

2.72 

2.78 
2.29 

i'si" 

1.81 

2.02 

Means  of  Ids  for  width  (feet)  of— 

0.23 

0.44 

0.66 

1.00 

1.32         1.96 

0.98 

1.91 
2.16 
1.98 

2.38 

2.36 
2.37 

2.70  ! 
2.59  1 

2.24 

For  each  of  the  68  values  of  las,  the  corre- 
sponding value  of  the  synthetic  index  of  the 
relation  of  capacity  to  discharge,  I^,  was  com- 
puted, the  relations  being  such  that  the  paired 
values  represent  exactly  the  same  conditions. 
It  was  found  that,  without  exception,  the  values 
of  Ids  are  greater  than  the  companion  values 
of  /j.  Table  56  contains  a  series  of  compara- 
tive means  and  their  ratios,  the  ratio  of  general 
means  being  1.62. 

Table  SG. — Synthetic  indexes,  comparing  the  control  of  ca- 
pacity by  depth  with  the  control  by  discharge,  and  comparing 
both  controls  with  grades  of  debris. 


Number 

of 

Mean/3 

Grade. 

separate 

Mean  Ids- 

Mean  h. 

determi- 

Mean /j 

Maan/ds 

nations. 

(A) 

2 

2.29 

1.37 

1.67 

0.60 

(B) 

17 

1.95 

1.30 

1.50 

.67 

(C) 

17 

2.41 

1.36 

1.77 

.56 

(D) 

10 

2.12 

1.26 

1.68 

.59 

(E 

6 

1.58 

8.99 

1.59 

.63 

(F 

4 

2.72 

l.Sl 

1.50 

.67 

(G 

9 

2.  SI 

1.76 

1.59 

.63 

(H) 

3 

2.51 

1.70 

1.48 

.68 

68 

2.25 

1.39 

1.62 

.62 

DEPTH  VERSIS  DISCHARGE. 

The  compai'ison  of  7^^  with  4  affords,  inci- 
dentally, an  estimate  of  the  relative  variation 
of  depth  and  discharge.  The  rate  of  variation 
of  capacity  with  depth  being  I^s,  the  rate  of 
variation  of  depth  with  capacity  is  I /Ids',  and, 
the  rate  of  variation  of  capacity  with  discharge 
being  I^,  the  rate  of  variation  of  depth  with  dis- 
charge is  1/Ids+ 13  =  Is/Ids-  The  values  of  I^/Ids 
in  Table  56  are  therefore  estimates  of  the  varia- 
tion of  depth  in  relation  to  discharge,  under  the 
limiting  condition  of  constant  slope.  They  are 
of  the  quahty  of  the  synthetic  index  and  are 
based  on  the  general  range  of  conditions 
realized  in  the  laboratory,  except  those  in  the 
neighborhood  of  competence.  For  this  range 
of  conditions  depth  varies,  on  the  average,  with 
the  0.62  power  of  discharge. 

WHEN  VELOCITY  IS  CONSTANT. 

By  interpolation  from  the  data  recorded  in 
Tables  12  and  14,  values  of  capacity  and  depth 
may  be  found  corresponding  to  selected  values 
of  mean  velocity.  Such  values  were  derived 
for  mean  velocities  of  2,  3,  and  4  ft. /sec,  and 
from  them  were  computed  the  42  values  of  Idv 
in  Table  57. 

Table  57. —  Values  of  Idv,  the  synthetic  index  of  relative 
variation  for  capacity  in  relation  to  depth  of  current,  when 
mean  velocity  is  constant. 


Grade. 

Vm 

Value  of  Idv  for  width  (feet)  of— 

0.23 

0.44 

0.66 

1.00 

1.32 

1.96 

(A) 
(B) 

(C) 

(D) 

(E) 
(G) 
(H) 

3 
4 

2 
3 
4 

2 
3 

4 

2 
3 
4 

2 
3 

3 
4 

3 

-0.32 

-0.75 

-  .69 

+  .32 
+  .19 

-1.50 

-  .44 

-1-0.09 

-  .14 

-  .34 

0 

-  .57 
-t-  .09 

-  .34 

-  .22 

-0.26 
-1.02 

-1-  .21 

-  .36 

-  .25 

-  .27 

-  .75 
-1.50 

-1.03 

-  .93 

-1.35 
-1.19 

-1-  .25 

+  .18 

-  .37 

-1-  .22 

-  .32 

-  .35 

+   .08 

-  .92 

-0.26 

-0.48 

-  .75 

-1.08 
-2.69 

-3.17 

1 "1 

Most  of  these  values  are  negative,  but  nine 
are  positive.  The  mean  of  the  42  values,  com- 
bined with  regard  to  sign,  is  —0.54.  A  posi- 
tive value,  considered  by  itself,  indicates  that 
capacity  varies  directly  with  depth,  and  a  nega- 
tive value  that  the  variation  is  inverse.     At 
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least  two  interpretations  may  be  considered — 
(1)  that  the  actual  variation  is  usually  inverse 
but  luider  some  conditions  is  direct;  (2)  that 
the  law  of  inverse  variation  is  general  and  that 
the  apparent  exceptions  are  due  entirely  to  the 
imperfection  of  the  data.  The  second  inter- 
pretation accords  the  better  with  the  analogies 
afforded  by  other  branches  of  the  subject  and 
is  provisionally  accepted. 

The  interpretation  directs  attention  to  the 
general  discordance  of  the  computed  values  of 
Idv,  and  a  suggestion  may  be  made  as  to  the 
cause  of  that  discordance.  First,  the  measure- 
ment of  depth  was  the  most  difficult  of  the 
direct  measurements  performed  in  the  labora- 
tory, and  it  was  peculiarly  subject  to  possi- 
bilities of  systematic  error.  Second,  the  range 
of  slopes  through  which  depth  could  be  ob- 
served was  much  less  than  m  the  case  of 
capacity,  and  this  made  the  work  of  adjust- 
ment less  satisfactory.  Third,  in  the  compu- 
tation of  this  particular  index  the  depth  data 
enter  twice,  and  they  enter  in  such  way  that 
their  errors  cumulate  instead  of  canceling. 

In  Table  58  the  relations  of  Igr  to  various 
conditions  are  shown  by  the  comparison  of 
corresponding  means.  I^v  is  seen  to  vary 
directly  with  mean  velocity,  and  it  may  fairly 
be  inferred  to  vary  inversely  with  fuiencss,  but 
the  data  as  to  width  of  chamiel  are  contradic- 
tory and  inconclusive. 

The  control  of  the  iiadex  by  mean  velocity 
affords  information  as  to  its  relation  to  slope 
and  discharge.  Mean  velocity  varies  directly 
with  both  slope  and  discharge,  and  it  does  not 
change  without  corresponding  change  in  at 
least  one  of  these  factors.  It  follows  that  the 
index,  which  varies  directly  with  mean  velocity, 
also  varies  directly  with  at  least  one  of  the 
factors  slope  and  discharge.  In  the  grouj)s  of 
data  from  which  values  of  the  index  were  com- 
puted, increase  of  velocity  was  associated 
either  with  increase  of  slope  or  with  increase  of 
both  slope  and  discharge  but  in  no  case  with 
decrease  of  slope  or  dischai-ge.  It  seems,  there- 
fore, proper  to  infer  that  I^  varies  in  magni- 
tude directly  with  both  slope  and  discharge. 
In  this  respect  it  stands  as  an  exceptioji  among 
the  indexes  of  relative  variation  connected 
with  traction.  AU  other  species  of  I  and  also  i 
vary  inversely  with  slope  and  discharge.  As  a 
check  on  this  excejitional  result,  certain  prob- 


able errors  have  been  computed.  In  the  upper 
division  of  Table- 58 ' -0.19,  the  mean  of  12 
values  of  I^  with  a  velocity  of  2  ft. /sec,  is 
compared  with  —0.41,  the  corresponding  mean 
for  a  velocity  of  3  ft. /sec.  The  difference 
between  these  means,  —0.22,  has  a  probable 
error  of  ±0.13.  A  similar  difference,  appear- 
ing in  the  comparison  of  indexes  for  velocities 
of  3  and  4  ft./sec,  is  -0.24±0.18.  As  the 
two  differences  give  testimony  of  the  same 
tenor,  their  joint  evidence  is  stronger  than 
that  of  either  separately,  so  that  the  discussion 
of  the  residuals  leaves  the  presumption  in  favor 
of  the  conclusion  that  this  particular  index 
constitutes  a  real  exception  in  its  relation  to 
slope  and  discharge. 

Table  58. — Partial  means  hosed  on  Table  57,  illustrating  the 
rontrol  of  I^v,  by  mean  velocity,  fineness  and  width. 


Num- 
ber of 
values. 

Mean  of  /dr  for  mean  velocity  (ft./sep.)  of— 

2 

3 

4 

12 
9 

10 
2 

1 

1 
2 
9 
8 
5 

-0.19 

-0.41 

-0.81 

Mean  of  Idv  for  grade— 

(A) 

(B) 

(C) 

(D)         (E) 

(F) 

(G) 

(H) 

-0.54 

n 

-0.32 
-  .15 

-0.57 
-  .Si 

-0.98 

-  .:9 

-l.CO 

-l.OS 

-6.' 75' 

Mean  of  Idv  tx  width  (feet)  of— 

0.23 

0.44 

0.66 

1.00 

1.32 

i.»\ 

-0.26 

-0.48 

-  .61 

-0.07 
-  .64 

-0.58 
.49 

-C 

.61    -. 

-0.44 

THE  THREE  CONDITIONS  COMPARED. 

\Mien  depth  is  increased  without  change  of 
slope  (or  width  or  grade  of  debris),  its  increase 
is  effected  by  increase  of  discharge,  with  the 
result  that  capacity  is  increased,  so  tliat  ca- 
pacity is  an  increasing  function  of  dei)th. 
When  depth  is  increased  without  change  of 
discharge,  its  increase  is  effected  by  reducing 
slope,  with  the  result  that  capacity  is  reduced, 
so  that  capacity  is  a  decreasing  function  of 
depth.  Wlien  depth  is  increased  without 
change  i)f  velocity,  its  increase  lequires  increase 
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of  discharge  accompanied  by  diminution  of 
slope;  and  as  these  changes  have  opposite  in- 
fluences on  capacity,  it  is  not  evident  a  priori 
whether  capacity  will  be  enlarged  or  reduced. 
The  experimental  data  show  that  it  is  slightly 
reduced,  so  that  capacity  is  a  decreasing  func- 
tion of  depth. 

Wlien  depth  is  reduced  without  change  of 
slope,  and  the  reduction  is  continued  progres- 
sively, a  stage  is  eventually  reached  in  which  the 
velocity  is  no  longer  competent  for  traction. 
It  is  probable,  therefore,  that,  under  this  con- 
dition, an  approximate  formula  for  C=f{d) 
might  involve  a  depth  constant  and  be  similar 
to  the  formula  (64)  used  for  C=f{Q). 

Reduction  of  depth  without  change  of  dis- 
charge involves  increase  of  velocity,  and  it  is 
evident  that  competence  does  not  lie  in  that 
direction.  But  increase  of  depth  involves  re- 
duction of  velocity  anil  leads  eventually  to  a 
competent  velocity.  The  limiting  depth  cor- 
responding to  competence  is  therefore  a  great 
depth  instead  of  a  small  one.  As  mean  ve- 
locity now  varies  inversely  with  depth,  a  coor- 
dinate formula  might  take  the  form 


C=B 


G-^-T 


B  being  used  as  a  general  constant  and  5  as  a 
constant  depth. 

Wlien  depth  is  reduced  without  change  of 
mean  velocity,  the  efficiency  of  the  mean 
velocity  is  enlianced  and  competence  is  not 
approached.  Wlien  depth  is  increased,  the 
efficiency  of  the  unchanged  mean  velocity  is 
diminished  and  a  (large)  competent  depth 
may,  under  some  conditions,  be  realized. 

To  show  the  numerical  relations  of  the  in- 
dexes by  which  these  three  capacity-depth  func- 
tions are  severally  characterized,  certain  means 
are  assembled  in  Table  59.  It  was  not  found 
possible  to  procure  values  of  the  different  in- 
dexes representing  closely  the  same  conditions, 
and  what  was  done  was  to  derive  for  each  index 
the  mean  of  all  determmations  made  for  each 
particular  grade  of  debris. 

The  arrangement  by  grades  pomts  again  to 
the  fact  that  all  the  indexes  xarj  inversely  with 
fineness  of  debris,  but  the  rate  of  variation  is  in 
fact  somewhat  greater  than  these  series  of 
values  suggest.  The  observations  on  the 
coarser  grades  were  made  with  steeper  average 


slopes  and  larger  average  discharges  than  those 
on  the  finer  grades,  and  the  effect  of  high  slopes 
and  large  discharges  (except  in  case  of  lir)  is 
to  reduce  the  indexes  of  relative  variation. 

Table  59. — Comparison  of  synthetic  indexes  of  relative  vari- 
ation for  capacity  and  depth,  under  the  several  conditions  of 
constant  discharge,  constant  slope,  and  constant  mean 
velocity. 


Number  of  sepa- 

rate determina- 

Means. 

/dQ 

Grade. 

Ids 

IdQ 

JdS 

IdV 

ld<l 

Ids 

IdV 

(A) 

Sl         2 

3 

-  3.62 

2.29 

-0.59 

-1.57 

(B) 

18  1      17 

12 

-  4.24 

1.95 

-  .15 

-2.17 

(C) 

19         17 

12 

-  3.58 

2.41 

-  .33 

-1.49 

(D) 

9  !       10 

7 

-  4.39 

2.12 

-  .56 

-2.07 

(E) 

5  '        6 

2 

-  5.17 

1..58 

-  .98 

-3.29 

(F) 

5  1        4 

-  8.73 

2.72 

-3.21 

(C.) 

9  1        9 

5 

-  9.45 

2,81 

-1.30 

-3.36 

CH) 

3|        3 

1 

-10.01 

2.51 

-  .75 

-3.99 

73         68 

42 

-  5.28 

2.25 

-  .56 

-2.34 

From  the  general  means  at  the  bottom  of  the 
table  it  appears  that,  for  the  range  of  laboratoiy 
conditions,  capacity  is  2.34  times  as  sensitive 
to  the  control  of  depth  when  the  Hmiting  con- 
dition is  constant  discharge  as  when  the  hmit- 
ing condition  is  constant  slope,  and  about  nine 
times  as  sensitive  as  when  the  limiting  condi- 
tion is  constant  mean  velocity. 

One  of  the  results  of  the  chscussion  is  to 
emphasize  the  importance,  when  considering 
the  relation  of  fractional  work  to  depth,  of 
sharply  discriminating  the  conditions  under 
which  depth  is  regarded  as  a  variable. 

So  far  as  the  variations  of  the  capacity-depth 
indexes  admit  of  formulation  in  the  symbols 
used  for  other  indexes, 

Ia<,=f(^^h   (84) 

hs=fr  ($^  P) (84a) 

/dK=/«  {S^  P) (84b) 

COMPARISON   OP  CONTROLS   BY  SLOPE,   DIS- 
CHARGE, MEAN  VELOCITY,  AND  DEPTH. 

In  Chapter  V  the  general  sensitiveness  of 
capacity  to  slope  is  compared  with  that  of 
capacity  to  chscharge  by  means  of  coordinate 
values  of  the  exponent  i.  In  Chapter  VII  the 
sensitiveness  to  slope  is  compared  with  sensi- 
tiveness to  mean  velocity  (with  discharge  con- 
stant) by  means  of  coordinate  values  of  /. 
The   two    methods    of   comparison   are   so    far 
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related  that  their  results  should  be  fairly  har-  measure  last   mentioned  has  been  compared 

monious.     In  the  present  chapter  the  same  with  a  coordinate  measure  of  the  sensitiveness 

measure  of  sensitiveness  to  mean  velocity,  con-  of  capacity  to  discharge,   thus  completing  a 

verted  by  change  of  sign  to  a  measure  of  sensi-  circle  and  affording  opportunity  for  a  checking 

tivencss  to  depth   (with  discharge  constant),  of  estimates  in  respect   to  consistency.     The 

has    been  compared   with   a  similar  measure  ratios  resulting  from  the  four  comparisons  are 

for  depth  with  slope   constant.    Finally,  the  as  follows: 

index  of  control  by  slope 

index  of  control  by  discharge 

index  of  control  by  velocity  (discharge  constant)  _  _^ 
index  of  control  by  slope 

index  of  control  by  depth  (slope  constant)  _ 
index  of  control  by  discharge 

index  of  control  by  velocity  (discharge  constant)  _      ., 
index  of  control  by  depth  (slope  constant) 

The  combination,  by  multiplication,  of  the  first  and  second  equations  gives 

index  of  control  by  velocity  (discharge  constant)  _ .,  ,, 
mdex  of  control  by  discharge 

The  combination  of  the  third  and  fourth  gives  an  equation  with  identical  first  member,  l)ut 
the  second  member  is  3.79.     The  two  results  differ  by  8  per  cent. 


CHAPTER  IX.— EXPERIMENTS  WITH  MIXED   GRADES. 


ADJUSTMENT  AND  NOTATION. 

The  tractional  load  of  a  natural  stream  in- 
cludes particles  with  great  range  in  size.  The 
grades  of  debris  used  in  the  laboratory  had  nar- 
rowlj^  limited  ranges.  Although  the  reasons 
for  this  limitation  were  believed  to  be  adequate, 
the  possibility  was  recognized  that  the  laws 
discovered  by  the  use  of  artificial  grailes  might 
not  apply  without  modification  to  natural 
gi'ades;  and  in  view  of  this  possibility  a  series 
of  experiments  were  arrangeil  to  bridge  over 
the  interval  between  the  artificial  and  the  natu- 
ral in  this  j)articular  respect.  The  same  appa- 
ratus and  the  same  general  methods  beuig  used, 
observations  were  made  first  on  mixtures  of  two 
gra<les,  then  on  mixtures  of  three  or  more,  and 
finally  on  a  natural  combination  of  sizes. 

Wlien  work  on  mixtures  was  begim,  need  was 
soon  found  for  a  modification  of  the  experi- 
mental procedure.  During  the  automatic  proc- 
ess of  adjusting  the  slope  to  the  load  the  ciu-- 
rent  acted  unequally  on  the  components  of  the 
mixture,  carrj'ing  forward  an  untlue  share  of 
the  finer  part  and  depositing  an  undue  share,  of 
the  coarser.  To  escape  the  difficulties  intro- 
duced by  this  partial  re-sorting,  a  run  was  in- 
terrupted after  it  had  gone  far  enough  to  indi- 
cate the  approxunate  slope,  the  debris  was 
taken  from  arrester  and  experiment  trough  and 
was  throughly  remixed,  and  then  the  approxi- 
mate slope  was  artificially  constructed  in  the 
trough,  after  which  the  run  was  continued. 

Table  60. — Adjusted  vn lues  of  capacity  in  relation  to  slope, 
natural  alluvium,  based  on 


The  observational  data  are  contained  in  divi- 
sions (J)  and  (K)  of  Table  4.  The  values  of 
capacity  in  relation  to  slope  were  adjusted  in 
the  same  manner  as  with  individual  grades, 
except  that  each  value  of  a  for  an  adjusting 
equation  was  derived  from  the  data  of  the  par- 
ticular observational  series,  without  influence 
from  related  series.  The  adjusted  capacities 
are  recorded  in  Table  60,  and  with  them  are 
fractional  capacities  computed  for  the  several 
grades  composing  the  mixtures.  Table  17  con- 
tains the  constants  of  the  adjustmg  equations 
and  also  series  of  values  of  the  index  of  relative 
variation. 

In  each  set  of  experiments  with  mixture  of 
two  grades  the  proportions  of  the  components 
were  varied.  The  usual  series  of  proportions 
was  approximately  4:1,  2:1,  1:1,  1:2,  and 
1  : 4.  To  denote  these  mixtures,  a  notation 
has  been  adopted  similar  to  one  employed  in 
chemistiy;  for  example,  a  mixture  of  gi-ades 
(B)  and  (F)  in  the  proportion  4 : 1  is  desig- 
nated (B,Fi). 

The  proportions  of  some  of  the  mixtures  are 
told  accurately  by  the  subscript  figures;  those 
of  others  only  approximately.  The  theoretic 
or  standard  mode  of  apportionment  was  by 
weight  of  dry  material,  but  when  this  was  not 
convenient  the  material  was  weighed  or  meas- 
ured in  moist  or  saturated  condition,  and  the 
actual  ratio  for  dry  weight  was  afterward 
learned  by  computation.  The  actual  propor- 
tions are  given  in  percentages  in  Table  4  (J). 

for  mixtures  of  two  or  more  grades  of  debris  and  for  nn  unsnrted 
data  of  Table  4  (J)  and  (K). 


Tirade 

(AiC,) 

(A,GO 

(AjGi) 

C.4.1G,) 

Q.  .                                

0.363 

0.363 

0.363 

0.363 

(A) 

(C) 

Total. 

(A) 

(G) 

Total. 

(A) 

(G) 

Total. 

(A) 

(G) 

Total 

S 

Value  of  C. 

0.5  .                                    

16 
23 
30 
37 
44 
61 

65 
80 
95 

16 
23 
30 
37 
44 
51 

66 
81 
96 

32 
46 
60 
74 
88 
102 

131 
161 
191 

13 
22 
32 
44 

57 

71 

99 
131 
155 

4 

11 
15 
19 
23 

33 
44 
55 

17 
29 
43 
59 
76 
94 

132 
175 
220 

13 
21 
29 
39 
49 
60 

85 
113 

10 
15 
19 
24 
30 

42 

56 

20 
31 
44 
58 
73 
90 

127 
163 

S 
11 
14 
18 
22 

9 
12 
15 
19 
23 

17 

.6 

23 

.7 

29 

.8  . 

37 

45 

1.2 

32 
44 

33 
45 

58 

65 

1.4  . 

89 

1.6 

115 

2.0  .. 

1 

2.8 

4,6 
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Table  60. 


-Adjusted  values  of  capadti/.  in  relation  to  slope,  for  mixtures  of  two  or  more  grades  of  debris  and  for  an  unsorted 
natural  alluvium,  based  on  data  of  Table  4  (J)  and  (K) — Continued. 


(A,G,) 

(A.G.) 

(B.F,) 

(BiF,) 

Q... 

0.363 

0.363 

0.363 

0.363 

(A) 

(G) 

Total. 

(A) 

(G) 

Total. 

(B) 

(F) 

Total. 

(B) 

(F) 

5 

Value  of  a 

0.5 

1 

1 

26 
37 
48 
60 
72 
83 

107 
133 

10 
14 
17 
20 
23 

30 
37 

33 
47 
62 
77 
92 
106 

137 
170 

22 
29 
38 
47 
54 
62 

78 
93 
109 

12 
17 
21 
25 
30 
35 

43 
52 
61 

.6..   ..                          

.7 

1 

1 

.9 

.   . 

7 

10 
U 
19 

14 

21 
28 
37 

21 

31 
42 
56 

3 

4 
5 
7 
9 
12 

9 

14 

20 
26 
34 
42 

12 

18 
25 
33 
43 
54 

1.2 

1.4                                     

1.6 

1.8 

2.0 

1 

2.1 

1 

1 

1 

Grade 

(B,r,) 

(B,F,) 

(B,F,) 

(C.E,) 

Q 

0.363 

0.363 

1 

0.363 

0.363 

Component 

(B) 

(F) 

Total. 

(B) 

(F) 

Total. 

(B) 

(F) 

Total. 

in 

(E) 

Total. 

I              1               !              i 

i              1 

j 

.6        ..                   i 

} 

29 
40 
51 
62 

74 

97 
122 
146 
171 

8 
11 
14 
17 
20 

26 
32 
39 
46 

22 
26 

31 
37 

48 
61 
75 
89 

24 
30 
35 
41 

55 
68 
83 
100 

46 

56 
66 

78 

103 
129 
158 
189 

11 
13 
15 

18 

25 
32 
40 

13 
16 
19 
23 

31 
39 
49 

.8         .               

9 
U 

12 

17 
21 
26 

19 
23 
28 

37 

48 
59 

28 
34 
40 

54 
69 
85 

3 
4 
5 

6 

7 
9 

1.0            

1.2         

123 

1.6 

185 

217 

0.1 

1 

j 

0.7 

1                1 

1 

(C2E1) 

(CiE,) 

(CiEi) 

(C,E,) 

Q                                                  

0.182 

0.363 

0.  182 

0.363 

(C) 

(E) 

Total. 

(C) 

(E) 

Total. 

(C) 

(E) 

Total. 

(C) 

(E) 

S 

Value 

ofC. 

a5 1 

.6       .                   .              . 

20 

88 
36 
44 
53 

70 
88 
106 
124 

11 
15 
19 
24 
28 

37 
47 
57 
67 

31 

43 
55 
68 
SI 

107 
135 
163 
191 

14 
19 
25 
30 

42 
53 
65 
78 
90 

15 
21 
26 
32 

44 
57 
71 
84 
97 

.8         .   . 

40 

12 
14 

19 
24 
29 
36 
42 

53 

12 
15 

20 
26 
32 
38 
46 

58 

24 
29 

39 
50 
61 
74 
88 

111 

51 

1.0 .... 

62 

1.2 

86 

1.4 

110 

1.6 

44 
55 
66 

77 

24 
29 
35 

43 

6$ 
84 
101 

119 

136 

1.8 

162 

2.0 

187 

2.2 

0.7 

1.8 

2.3 

1 
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Table  60. 


-Adjusted  values  of  capacity,  in  relation  to  slope,  for  mixtures  of  two  or  more  grades  of  debris  and  for  an  unsorted 
natural  alluvium,  based  on  data  of  Table  4  (J)  and  (K) — Continued. 


(CiKj) 

(C,Ej) 

(C,E.) 

(C,E.) 

Q-- 

0.182 

0.363 

0.182 

0.363 

(C) 

(E) 

Total. 

(C) 

(E) 

Total. 

(C) 

(E) 

Total. 

(C) 

(E) 

S 

Values  of  C. 

0.5 

1               1               1 

1              1              1 

1              1 

i              1 

1 

7 

8 
U 
13 
16 

22 
28 
34 
42 

48 
56 

17 
23 
29 
35 

48 
63 
77 
92 
108 
124 

25 
34 
42 
51 

70 
91 
111 
134 
156 
180 

" 

.8 

1 



3 

4 

5 
6 
8 
9 
11 
12 

13 
15 

20 
26 
32 
39 
45 
53 

16 
19 

25 
32 
40 

48 
56 
65 

6 

8 

11 
14 
18 
21 
25 

28 
33 

46 
61 
76 
92 
109 

7 

9 
12 
15 
18 
22 
25 

15 

21 
27 
34 
41 
48 
55 

22 

30 
39 
49 
59 
70 
80 

1.8  .    ..                                     

2.2 

2.2 

5.6 

0.1 

(C,Gi) 

(C,G,) 

(C,G,) 

(CiGi) 

Q 

0.363 

0.363 

0.363 

0.363 

(C) 

(G) 

Total. 

(C) 

(0) 

Total. 

(C) 

(G) 

Total. 

(C, 

(G) 

Total. 

S 

Values  of  C. 

0.5 

17 
24 
32 
42 
54 
65 

93 
126 
164 

208 

4 
6 
8 
10 
13 
16 

23 
32 
41 
52 

21 
30 
40 
S2 

67 
81 

116 
158 
205 
260 

11 
19 
27 
36 
45 
55 

74 
96 
119 
141 

6 
9 
14 

18 
23 

27 

37 
48 
59 
71 

17 
28 
41 
54 

68 
82 

111 
144 
178 
212 

.6 

10 
15 
21 

40 
53 
67 
80 

10 
16 
22 

28 

40 
53 
67 
81 

20 
31 

43 
55 

80 
106 
134 
161 

.8 

4 
6 

11 
17 
23 
31 

8 

12 

22 
33 
47 
61 

1.0 .     . 

1.2 

33 

1.6 

1.8 

2.0 

1.9 

1.2 

4.4 

(E.G,) 

CEjGi) 

(EiGi) 

(E.Gj) 

Q 

0.363 

0.363 

0.363 

0.363 

(E) 

(G) 

Total. 

(E) 

(G) 

Total.       (E) 

(G) 

Total. 

(E)     1     (G) 

s 

Value  of  C. 

0.6 

10 
13 
17 
21 

35 
47 
60 

2 

3 
4 
5 
6 

9 

12 
15 
19 

12 
16 
21 
26 
31 

44 

59 

94 

6 
9 
13 

18 

29 
43 
59 

3 
5 

7 
9 

IS 

30 

9 

14 
20 
27 

44 

65 
89 

.S 

8 
10 
13 

IS 
24 
31 
37 

8 
10 
13 

19 
25 
31 
38 

16 

20 
26 

37 
49 
62 

.9 

4 
6 

8 
11 
14 
18 
23 

9 
11 

16 
22 
29 
37 
45 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

1                 1 

1 

1                1 
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Table  60. — Adjusted  values  of  capacity,  in  relation  to  slope,  for  mixtures  of  two  or  more  grades  of  debris  and  for  an  unsorted 
natural  alluvium,  based  on  data  of  Table  4  (J)  and  (K) — Continued. 


Grade 

(AiCiGs) 

(CiiDjiEuFeG!) 

0.363 

0.182 

0.365 

(A) 

(C) 

(G) 

Total. 

(C) 

(D) 

(E) 

(F) 

(G) 

Total.       (C) 

CD) 

(E) 

(F) 

(G) 

Total. 

s 

V^alue  of  C. 

06                                          1 

2 
4 
7 
9 

16 
24 
34 
45 

2 
4 
7 
9 

16 
24 
34 
43 

5 
9 
13 
20 

33 
50 
69 
91 

9 
17 

27 
38 

65 
98 
137 
181 

8.2 
10.6 
12.8 
15.2 

20.3 
26.6 
32.8 
39.6 
47.3 

6.6 

8.2 
10.0 
11.8 

16.0 
20.6 
25.6 
30.8 
36.8 

2.3 
2.8 
3.4 
4.1 

5.5 
7.1 
8.8 
10.6 
12.6 

1.1 
1.4 
1.7 
2.0 

2.7 
3.5 
4.4 
6.3 
6.3 

0.3 
.5 
.6 
.7 

.9 
1.2 
1.5 
1.8 
2.1 

18.9 
23.5 
28.4 
33.9 

45.8 
59 
73 
88 
105 

24.2 
29.2 
35.0 
40.9 

53.5 
67.5 
81.9 
95.4 

18.9 
22.8 
27.3 
31.8 

41.6 
52.5 
63.7 
74.2 

6.5 
7.8 
9.4 
10.9 

14.3 
18.0 
21.8 
25.4 

3.2 
3.9 
4.7 
5.4 

7.1 
9.0 
10.9 
12.7 

1.1              54 

1.3              65 

1.6               78 

1.0       

1.8 

2.4 
3.0 
3.6 
4.2 

91 

119 

150 

182 

212 

4.0 

Grade 

(CcDkE.jFsG!). 

0.545 

0.182 

0.363 

■nt 

(C) 

(D) 

(E) 

(F) 

(G) 

Total. 

'' 

S 

Values  of  C. 

17 

26 

36.4 
44.1 
SO.  4 
69.4 
68.0 

85.0 
103 
121.5 

28.4 
34.3 
39.9 
46.2 
52.8 

66.1 
80.2 
94.5 

9.7 
11.8 
13.7 
15.8 
18.1 

22.7 
27.5 
32.4 

4.8 
5.9 
6.8 
7.9 
9.0 

11.3 
13.7 
16.2 

1.6 
2.0 
2.3 
2.6 
3.0 

3.8 
4.6 
5.4 

81 
98 
114 
132 
151 

189 
229 
276 

36 

15 
20 
26 
33 

47 
63 
80 
98 
117 

138 
159 

181 

47 

60 

75 

91 

1.2 

126 

168 

213 

2.0       .                        

1 

1 

Probable  error  (per  c 

1 

n.  4 

2.  6  '              O-S 

MIXTURES  OF  TWO  GRADES. 

The  relation  borne  by  the  traction  of  mix- 
tures to  the  traction  of  separate  grades  is  most 
clearly  shown  by  the  records  from  varied 
combinations  of  two  grades  only.  In  all 
experiments  with  mixtures  the  same  width  of 
channel,  1  foot,  was  used;  and  from  the  ail- 


justed  capacities  for  mixtures  of  two  it  is 
possible  to  select  a  full  set  associated  with  the 
same  discharge,  0.363  ft.'/sec,  and  the  same 
slope,  1.4  per  cent.  These  capacities  are 
arranged  for  comparative  examination  in 
Table  61,  and  to  them  are  added,  from  Table 
12,  the  corresponding  ca])acities  for  the  separ- 
ate grades. 


T.VBLE  61. — Capacities  for  traction,  with  varied  mixtures  nf  two  grades. 


Grade. 

Capacities.         j 

Grade. 

Capacities. 

Grade. 

Capacities. 

Grade. 

Capacities. 

Grade. 

Capacities. 

Total. 

(A) 

(G)| 

1 

Total. 

(C) 

(G) 

Total. 

(B) 

(F) 

Total. 

(C) 

(E) 

Total. 

(E) 

(G) 

(A) 

185 

185 

"! 

(C) 

143 

143 

0 

(B) 

149 

149 

0 

(C) 

143 

143 

n 

f^frJo 

62 

62 

" 

(AaG,) 

175 

131 

44 

(C,G,) 

158 

126 

32 

fB,F,) 

170 

133 

37 

(C.EO 

154 

122 

32 

59 

47 

12 

(AjG,) 

169 

113 

M 

(CiG.) 

144 

96 

4S 

(BsFi) 

145 

93 

52 

(f2E,) 

135 

88 

47 

(EjGi) 

65 

43 

22 

(AiG,) 

89 

44 

4o 

(C,G,) 

106  1      53 

53 

(B,F,) 

129 

61 

68 

(C,E,) 

110 

53 

57 

(EiG.) 

49 

24 

•m 

42 

14 

28 

(CiGO 

50         17  ]    33 

(BiFj) 

69 

21 

48 

(C.Ei) 

91 

28 

63 

(E,G,) 

33 

11 

22 

(A,G,) 

25 

6 

20 

(G) 

16  1         0  1     16 

(B,F,) 

39 

7 

32 

(CiE,) 

75 

14 

61 

(0) 

16 

0 

16 

(G) 

16 

(F) 

33 

(E) 

62 

0 

62 

1 

\""'\ 
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Each  vertical  column  of  capacities  shows  the 
tractional  power  of  the  current,  first  for  the 
finer  component  alone,  then  for  mixtures  with 
progressively  increasing  shares  of  the  coarser 
component,  and  finally  for  the  coarser  alone. 
The  order  of  the  different  groups  is  that  of  the 
contrast  in  fineness  between  the  finer  and 
coarser  components.  If  the  linear  fineness  of 
the  finer  be  di^dded,  in  each  case,  by  the  fine- 
ness of  the  coarser,  the  ratios  obtained  are 


(AG) 

(CG) 

CBF) 

(CE) 

(EG) 

16.2 

9.7 

8.  .5 

.3.4 

2.9 

rA) 

- — - 

\ 

(C) 

-- 

_^  \ 

\ 

~~.(G> 

(B)-"^ 

.    \ 

\. 

^.^fG> 

(C)  •'■ 

1 

■\ 

\. 

— -(rj 

(E) 

- — 

1             1 

-~~~(GJ 

c 

IC 

) 

)0 

50 
50 

100 
0 

Figure  55.— Tnicti< 


111  capacity  for  mi.xed  ddbris,  in  relatii 
IS  of  componeut  grades. 


The  data  of  the  table  are  plotted,  with  a 
different  arrangement,  in  figures  55  and  56. 
In  figure  55  the  total  capacities  are  plotted  in 
relation  to  the  proportions  of  fuie  and  coarse 
in  the  mixtures.  The  vertical  scale  being  of 
capacity,  the  horizontal,  if  read  from  right  to 
left,  is  of  percentage  of  the  finer  component, 
or  if  read  from  left  to  right ,  is  of  percentage  of 
the  coarser.  Figure  56  (p.  174)  shows,  in  parallel 
columns,  the  capacities  for  the  component 
grades,  those  for  the  coarser  components  being 
at  the  left. 

Attention  may  first  be  directed  to  the  total 
capacity  curves  of  figure  55.     If  the  capacities 


for  mixtures  were  related  in  the  simplest 
manner  to  the  proportions  of  components,  the 
curve  of  capacities  would  be  a  straight  line 
joining  the  pomts  (at  the  extreme  left  and 
extreme  right)  given  by  the  capacities  for  the 
components.  The  (EG)  curve — that  placed 
lowest  m  the  diagram — lying  wholly  above  such 
a  hypothetic  line,  woukl  suggest  that  all  mix- 
tures give  an  advantage  in  traction,  but  this 
suggestion  is  not  supported  by  the  other 
curves.  The  upper  curve,  for  example,  would 
He  as  much  below  as  above  a  straight  line 
joinmg  its  extremities.  The  capacity  for  the 
mixture  appears  always  to  exceed  what  may 
be  called  the  pro  rata  estunate  when  the  finer 
component  has  the  higher  proportion,  but  it 
may  fall  below  that  estunate  when  the  coarser 
component  predominates. 

The  curves  of  figure  56  show  the  capacities 
apportioned  to  the  components  of  the  mix- 
tures. Each  one  represents  that  portion  of 
the  total  load  which  consists  of  the  material 
of  one  component.  In  each  curve  of  the  left- 
hand  column  the  ordmate  at  tlie  right  repre- 
sents the  load  of  the  coarser  material  when  by 
itseK,  and  the  successive  ordinates  toward  the 
left  show  how  the  load  is  modified  by  the 
admixture,  in  the  material  fed  to  the  current, 
of  gradually  increasing  percentages  of  the 
finer  debris.  There  are  no  observations  with 
very  small  percentages  of  the  finer  material, 
but  in  each  case  the  second  fixed  point  of  the 
curve  shows  an  increase  of  load.  The  addition 
of  the  finer  debris  not  only  increases  the  total 
capacity  but  increases  the  capacity  for  the 
coarser  debris.  The  amount  of  the  latter 
increase  appears  to  be  greater  as  the  contrast 
in  fineness  of  components  is  greater,  and  in 
the  extreme  case  the  capacity  for  the  coarser 
is  multiplied  by  3.5.  The  capacity  of  the 
current  for  debris  of  grade  (G)  is  16  gm./sec; 
but  when  that  debris  is  mixed  with  twice  its 
weight  of  grade  (A),  which  is  16.2  times  as 
fine,  the  capacity  for  the  mixture  is  so  large 
that  one-third  of  it,  apportioned  to  grade  (G), 
is  56  gm./sec.  In  three  of  the  five  suites  of 
experiments  the  highest  capacity  recorded  for 
the  coarser  debris  corresponds  to  the  mixture 
of  1 : 1 .  In  the  others  it  corresponds  approxi- 
mately to  2:1  and  1:2.  If  the  position  of  the 
maximum  is  related  to  contrast  in  fineness,  it 
is  associated  with  a  larger  ratio  of  the  finer 
component  when  the  contrast  is  great. 
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The  corresponding  curves  for  the  finer  com- 
ponent (at  the  right  in  fig.  56)  show  that 
capacity  for  finer  debris  is  influenced  by  the 
admixture  of  coarser,  but  not  in  the  same 
way.  Each  addition  of  the  coarser  reduces 
capacity,  the  rate  of  reduction  being  at  first 
gradual,  then  moi'e  rapid,  and  afterward 
gradual. 

The  general  effect  of  the  addition  of  fuie 
material  being  to  increase  capacity,  and  the 
effect  of  adding  coarse  material  to  reduce 
capacity,    let   us    now    inquire    the    effect    of 


diversifjang  the  material  of  the  load  by  ex- 
changmg  part  of  it  for  a  finer  grade  and  part 
for  a  coarser.  Probably  no  general  answer  to 
this  question  may  be  derived  from  our  data, 
but  a  partial  answer  is  possible  if  we  assume 
that  the  initial  grade  is  separated  from  each 
of  the  substituted  components  by  the  same 
contrast  of  fineness,  expressed  as  a  ratio. 
To  take  a  concrete  example,  from  Table  61, 
the  capacity  for  grade  (A)  is  185  gm./sec, 
for  grade  (G)  16  gm./sec,  and  for  (AjG,), 
their  equal  mixture,   89  gm./sec.     TMien  for 


Figure  56. — Tractional  capacities  of  components  of  mixed  grades,  in  relation  to  the  percentages  of  the  components  in  the  mixtures.    Curves 
at  left  show  capacities  for  coarser  component,  at  right  for  finer.    Ratios  at  left  show  percentages  of  finer  component .  at  right  of  coarser. 

scrutiny,  but  it  nevertheless  A'ields  a  sort  of 
composite  which  is  of  use  in  showing  that  the 
general  effect  of  diversifying  a  stream's  trac- 
tional load  is  to  enlarge  capacity.  Corre- 
sponding composite  ratios  have  been  obtained 
from  the  other  examples  of  Table  61  and  are 
given  below. 


half    of    (A)    there    is    substituted    an    equal 

amount  of   (G),  which  is  16.2   times  coarser, 

89 
the  capacity  is  changed  in  the  ratio  t— ^  =  0-48. 

When  for  half  of  (G)  there  is  substituted  an 

equal  amount  of  (A),  which  is  16.2  times  finer, 

89 
the  capacity  is  changed  in  the  ratio  ^-^  =  5.56. 

The  geometric  mean  of  these  ratios,  1.64,  may 
plausibly  stand  for  the  effect  of  substituting 
an  equal  mixture  of  (A)  and  (G)  for  a  grade 
sjTnmetrically  intermediate  between  (A)  and 
(G).  The  method  is  easily  criticized,  and  its 
assumptions    wiU    certainly    not    bear    close 


Grade. 

Ratio  of 
fineness. 

Ratio  of 

capacity 

change 

attributed 

to  mixture. 

(AG) 
(CG) 
(BF) 
(CE) 
(EG) 

16.2 
9.7 
8.5 
3.4 
2.9 

1.64 
2.22 
1.72 
1.17 
1.56 
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The  composite  ratios  have  been  arranged  m 
the  order  of  tlie  ratio  of  fineness,  but  the  com- 
parison sliows  no  correspondence.  They  prove 
equally  inharmonious  when  compared  with  the 
fineness  of  the  finer  component,  the  fineness  of 
the  coarser  component,  or  the  fineness  of  the 
mixture.  Their  irregularities  must  be  as- 
cribed to  observational  errors  and  to  causes  not 
at  present  to  be  discrmimated  from  observa- 
tional errors.  It  is  of  uaterest,  however,  to  note 
that  the  large  measure  of  capacity  change  as- 
sociated with  the  (CG)  combuiation  might  be 
inferred  also  from  a  comparison  which  involves 
a  different  viewpoint  and  also  some  jjractically 
independent  data.  If  we  thmk  of  grades  (A), 
(C),  and  (E)  as  modifiers  of  capacity  for  grade 
(G),  we  may  compare  their  efficiencies  by  means 
of  the  following  quantities,  taken  from  Table  61 : 


Grade. 

Capacity. 

Grade. 

Capacity. 

(AiGi) 
(CiG,) 
(E,G,) 

89 
106 
49 

(AiGj) 
(CGj) 
(E.Gj) 

42 
50 
33 

The  superiority  of  grade  (C)  as  a  modifier  for 
(G)  is  thus  brought  out  without  making  use  of 
the  capacities  for  the  uncombmed  grades  (A), 
(C),  (E),  and  (G);  and  the  result  from  mix- 
tures of  1 : 1  is  supported  by  that  from  mixtures 
of  1:2. 

CONTROL  BY  SLOPE  AND  DISCHARGE. 

The  precedmg  comjiarisons  are  conditioned 
by  a  discharge  of  0..36.3  ft. 7  sec,  a  slope  of  1.4 
per  cent,  and  a  channel  width  of  1  foot.  With 
a  different  set  of  conditions  a  different  set  of 
quantitative  relations  would  be  found,  and  the 
qualitative  also  would  doubtless  be  modified. 
The  observations  on  mixtures  mcluded  no  other 
width,  and  there  was  but  a  single  set  of  ex- 
periments usuig  a  dift'erent  discharge,  but  the 
range  ui  slope  was  coordmate  with  that  for  the 
separate  grades. 

Figure  57  shows  the  capacit3'-slopo  curves 
for  the  (AG)  set  of  experiments,  figure  5S  for 
the  (BF)  set,  and  figure  59  for  the  (CE)  set. 
In  figure  57  the  curves  for  mixtures  form  a 
graded  series  between  those  for  the  component 
grades,  and  there  is  almost  perfect  harmony  of 
form  and  attitude.  As  the  points  representing 
capacities  associated  with  a  slope  of  1.4  per 
cent  all  lie  in  the  same  vertical  line,  and  as 
similar  points  for  another  slope  lie  in  some 


other  vertical  line,  it  is  evident  by  inspection 
that  inferences  from  data  of  any  other  availal)le 
slope  would  be  practically  identical  with  those 
from  the  slope  of  1 .4  per  cent.    It  is  also  evident 
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Figure  57.— Carves  of  capacity  in  relation  to  slope  for  grade  (.-V),  grade 
(G),  and  mixtures  of  those  grades.    The  ratios  of  components  in  the 
mixtures  are  indicated. 

that  indexes  of  relative  variation,  i^  or  /[,  for 
the  mixtures  constitute,  with  those  for  the 
components,  an  orderly  system.  The  same 
remarks    appl}'    also    to    the    (CE)    groups   of 
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Figure  58.— Curves  of  capacity  in  relation  to  slope  for  grade  (B),  grade 
(F),  and  mixtures  of  those  grades.    The  ratios  of  the  components  in 
the  mixtures  are  indicated. 

curves,  but  they  do  not  appl}'  to  the  (BF) 
group  in  figure  58.  The  attitudes  of  the  curves 
for  mixtures  are  there  out  of  harmony  with  the 
attitudes  of  the  (B)  and  (F)  curves.  The 
curves  for  the  mixtures  seem  to  belong  to  a 
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different  system,  intersecting  or  tending  to 
intersect  the  curves  for  the  components.  Evi- 
dently the  indexes  of  rehxtive  variation  are 
inharmonious,  and  evidently  the  inferences 
drawn  from  data  for  the  slope  of  1.4  per  cent 
would  not  be  dupUcated  by  a  discussion  of 
data  from  a  slope  of  1.0  per  cent  or  1.6  per  cent. 
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Figure  59. — Curves  of  capacity  in  relation  to  slope  for  grade  (C),  grade 
(E),  and  mixtures  of  those  grades.  The  ratios  of  the  components  in 
the  mixtures  are  indicated. 

Graphic  comparison  has  been  extended  to  the 
remaining  data  of  Table  CO,  so  far  as  dual  mix- 
tures are  concerned,  but  no  marked  discordance 
has  been  discovered  outside  of  the  (BF)  group. 
Although  the  cause  of  the  exceptional  discord- 
ance has  not  been  fountl,  I  believe  that  it 
should  be  ascribed  to  some  exceptional  though 
unknown  circumstance  and  not  be  permitted 
to  nuUify  the  otherwise  harmonious  testimony. 
The  tenor  of  that  testimony  is  that  the  relation 
of  capacity  to  slope  is  substantially  the  same 
for  mixtures  as  for  simpler  grades  of  debris. 
There  is,  however,  a  noteworthy  qualification 
to  this  statement,  in  that  the  values  of  a  have 
a  smaller  average  for  mixtures  than  for  com- 
ponent grades. 

The  single  comparison  possible  between 
results  obtained  with  different  discharges  indi- 
cates that  with  mixtures,  just  as  with  their 
components,  capacity  increases  ^vith  discharge 
in  more  than  simple  ratio. 

MIXTURES  OF  MORE  THAN  TWO  GRADES. 

Experiments  were  juade  with  a  mixture  of 
three  grades,  and  with  a  mixture  of  five.    The 


former  was  observed  with  discharges  of  0.182 
and  0.363  ft.Vsec,  the  latter  with  discharges  of 
0.182,  0.363,  and  0.545  ft.Vsec.  (See  Tables  4 
(J)  and  60.) 

Brief  consideration  only  will  be  given  to  the 
data  from  the  mixture  of  three,  (AiCiGj), 
because  the  points  on  which  they  bear  are  more 
fully  covered  by  the  data  from  the  mixture  of 
five.  Grades  (A)  and  (C)  differ  from  one 
another  in  fineness  much  less  than  either 
differs  from  grade  (G) .  The  triple  mixture  may 
therefore  be  thought  of  as  half  coarse  and  half 
fine,  with  the  distinction  that  the  fine  half  is 
made  up  of  two  grades.  By  comparing  data 
from  it  with  data  from  the  closely  related  mix- 
tures (AjGi)  and  (CiGj),  in  which  the  fine  portion 
is  of  a  single  grade,  we  may  throw  light  on  the 
question  whether  the  advantage  to  traction 
which  is  obtained  by  subscituting  two  grades 
for  one  may  be  augmented  by  further  diversi- 
fication. With  discharge  0.363  ft.Vsec.  and 
slope  1.4  per  cent  the  capacities  for  the  three 
mixtures  are 

(A,G,)         (A,C,G,)         (C.G.) 
89  98  106 

As  the  capacity  for  the  triple  mixture  has  a 
value  midway  between  those  for  the  two  dual 
mixtures,  no  advantage  is  indicated  for  the 
greater  diversification. 
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Figure  60. — Curves  of  capacity  in  relation  to  slope  for  a  mixture  of 
five  grades,  (CDEFG).  Compai-ison  of  mixture  curves  for  three 
discharges,  and  of  mixture  curve  with  curves  for  component  g.'ades. 

In  the  mixture  of  five  grades  the  proportions 
were  so  arranged  as  to  approximate  a  natural 
combination.  The  components  and  their  per- 
centages are  shown  by  writing  (C^jDj^Ej^FeG^). 
The  curves  of  capacity  in  relation  to  slope  are 
shown,  for  the  three  discharges,  in  the  left- 
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hand  diagram  of  figure  60.  In  the  right-hand 
diagram  the  curve  for  discharge  0.363  ft  .'/sec. 
is  repeated,  and  with  it  are  placed  the  corre- 
sponding curves  for  four  of  the  component 
grades — tliat  for  grade  (F)  being  omitted 
because  it  is  neaily  coincident  with  tlie  one  for 
grade  (E). 

The  curve  for  the  mixture  is  not  only  of  the 
same  type  with  the  others,  but  rims  nearly 
parallel  with  those  nearest.  For  all  slopes  the 
capacities  obtained  for  the  mixture  are  greater 
than  for  anj'  component.  The  fact  that  the 
mixture  gives  a  gieater  capacity  than  does  the 
fine  grade  (C)  alone  shows  that  the  addition  to 
(C)  of  35  per  cent  of  (D)  and  20  per  cent  of 


still  coarser  grades  works  an  advantage  instead 
of  a  detriment. 

In  figure  58  it  is  seen  that  the  addition  of  20 
])er  cent  of  coarser  debris  to  grade  (B)  in- 
creases capacity,  and  in  figiu-e  59  that  a 
similar  increase  accompanies  the  addition  of 
20  per  cent  of  coarser  debris  to  grade  (C). 
So  far  as  the  case  of  the  more  complex  mixture 
is  comparable  to  these,  there  is  no  indication 
that  a  mixture  of  gi-eat  complexity  has  ad- 
vantage for  traction  over  a  mixture  of  two 
components  only.  As  to  this  point  the  in- 
ference from  data  of  the  five-part  mixture  is 
supported  by  that  already  drawn  from  a 
datum    of   the    (AiC,GJ    mixture,    and    it    is 


ves  for  related  mixt 


Figure  iU.— Capacity-slope 

further  supported  by  the  facts  brought  to- 
gether in  the  left-hand  diagram  of  figure  61, 
which  shows  the  capacity-slope  curves  of  mix- 
tures (C^E,)  and  (C^G,)  along  with  that  for  the 
five-part  mixtiue. 

The  right-hand  diagram  of  figure  61  is  a 
group  of  plots  of  capacity  as  a  function  of  ilis- 
charge.  These  plots  pertain  to  the  complex 
mixture  and  its  five  components,  and  all  are 
conditioned  l)y  a  slope  of  1.2  per  cent.  They 
show  that  the  tractional  superiority  of  the 
mixture  is  not  confijied  to  the  use  of  a  particu- 
lar discharge,  and  they  indicate  also  that  the 
capacity-cUscharge  relation  is  essentially  the 
same  for  the  mixture  as  for  separate  grades. 
The  locus  of  C  =f{Q)  for  the  mixture  is  approxi- 
mately a  straight  line,  and  if  produced  it  inter- 
sects the  axis  of  Q  to  the  right  of  the  origin. 
It  might  be  expressed  by  an  equation  in  the 
form  of  (64)  with  an  exponent  near  unity. 

20ii2T°— No.  Sli— 14 12 


pacity-discharge curves  for  mixture  and  component  grades. 
A  NATURAL  GRADE. 

Two  series  of  experiments  were  made  with  an 
alluvium  in  its  natural  condition,  except  that 
the  very  finest  constituents  had  been  removed 
by  passing  it  over  a  60-mesh  sieve.  The  obser- 
vations are  recorded  in  Table  4  (K),  and  the 
adjusted  capacities  m  Table  60.  In  figure  62 
the  capacity-slope  curves  are  plotted,  and  each 
is  accompanied,  for  comparison,  by  the  corre- 
sponding curves  for  grades  (A)  and  (C). 

The  approximate  mechanical  analysis  of  tliis 
material,  stated  in  terms  of  the  separated 
grades  of  the  laboratorv  series,  is  as  follows: 


(A). 
(B). 
((-I. 


Per  cent. 
....  6 
- . . .      13 

. . . .     27 


(D) 

(E) 

Coarser  llian  (E). 


Per  cent. 
. . . .  42 
. . . .      10 


The  fact  that  the  capacities  (fig.  62)  are 
greater  than  those  for  grade  (C),  notwithstand- 
ing the  dominance  of  a  component  correspond- 
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ing  to  the  coarser  grade  (D),  testifies  again  to 
the  advantage  for  traction  of  a  mixture  as 
compared  to  a  grade  of  narrow  range  in  fineness. 
It  wall  be  observed  also  that  each  of  the 
curves  from  the  natural  grade  resembles  closely 
its  neighbors  from  artificial  grades.  So  far  as 
their  evidence  goes  the  type  is  the  same  for 
both,  and  the  tendency  of  their  e^^dence  is  to 
show  that  the  laws  connecting  capacity  wath 
slope,  as  developed  by  the  study  of  sorted 
debris,  apply  also  to  unsorted  stream  alkn-ium. 
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Figure  tV2. — Capacity-slope  curves  for  a  natural  grade  of  df^bris,  com- 
pared with  curves  for  sieve-separated  grades. 

Table  63  (p.  ISO)  gives  computed  finenesses 
for  various  mixtures  and  for  this  natural  grade 
of  debris.  The  fineness  of  the  natural  grade  is 
nearly  identical  with  that  of  grade  (C),  and  the 
two  thus  afford  a  direct  comparison  between  the 
capacities  of  a  natural  grade  and  a  narrowly 
limited  grade.  For  the  same  discharge  and 
slope  their  tabulated  capacities  are  respectively 
168  and  143  gm./sec,  the  ratio  of  advantage  to 
the  natural  grade  being  1.17.  The  computed 
fhieness  of  grade  (CDEFG)  does  not  corre- 
spond to  that  of  any  simple  grade,  but  a  com- 
parison made  by  means  of  interpolation  gives 
150  and  131  gm./sec.  as  correspondmg  capaci- 
ties for  the  mixture  and  a  simple  grade  of  the 
same  mean  fineness,  and  the  ratio  of  the  first 
to  tlie  second  is  1.15.  These  ratios  are  smaller 
than  those  estimated  from  data  for  binary 
mixtures  (p.  174),  but  are  coordinate  in  value. 
The  question  of  relative  authority  wall  be  con- 
sidered later. 

CAUSES  OF  SUPERIOR  MOBILITY  OF 
MIXTURES. 

When  a  finer  grade  of  debris  is  added  to  a 
coarser   the   finer    grains    occupy    interspaces 


among  the  coarser  and  thereby  make  the  sur- 
face of  the  stream  bed  smoother.  This  quality 
t)f  smoothness  appealed  to  the  eye  during  the 
progress  of  the  experiments.  One  of  the 
coarser  grains,  resting  on  a  surface  composed 
of  its  fellows,  may  sink  so  far  into  a  hollow  as 
not  to  be  easily  dislodged  by  the  current,  but 
when  such  hollows  are  partly  filled  by  the 
smaller  grains  its  position  is  higher  and  it  can 
withstand  less  force  of  current.  In  other 
words,  the  larger  particles  are  moved  more 
readily  on  the  smoother  bed,  and  this  fact  also 
was  a  matter  of  direct  visual  observation.  The 
promotion  of  mobility  applies  not  only  to  the 
startmg  of  the  grain  but  to  its  continuance  in 
motion.  It  encounters  less  resistance  as  it 
rolls  or  skips  along  the  bed,  and  it  is  less  apt  to 
be  arrested.  Wlien  a  single  large  particle 
travels  along  a  bed  composed  wholly  of  grains 
much  smaller  it  rarely  leaps,  but  rolls  instead, 
and  it  must  in  general  be  true  that  the  larger 
particles  in  mixtures  roll  more  and  skip  less 
than  their  smaller  companions. 

The  admixture  of  finer  debris  thus  changes 
the  mode  of  traction  for  the  coarser,  and  it  is 
believed  that  the  enlianced  capacity  is  due 
mainly  to  this  change.  Capacity  for  the 
coarser  is  increased  because  the  new  condition 
reduces  its  resistance  to  the  force  of  the 
current. 

The  fact  that  under  some  conditions  the 
capacity  for  fine  material  is  slightly  increased 
by  the  addition  of  coarser  is  not  so  easily  ex- 
plained. The  coarser  giains  do  not  make  the 
bed  smoother  but  rougher.  The  rougher  bed 
retards  the  current.  Even  while  rolling  the 
larger  grains  are  holding  back  the  water,  and 
the  larger  grains  reduce  the  area  of  bed  on 
which  the  traction  of  the  smaller  takes  place. 
In  these  ways  the  presence  of  the  coarse  mate- 
rial tends  to  reduce  the  capacity  of  the  current 
for  the  fine,  and  these  factors  certainly  seem 
adequate  to  explain  the  general  fact  that 
capacity  for  the  finer  debris  is  reduced  by  ad- 
mixture of  the  coarser. 

Two  factors  may  be  named  with  the  opposite 
tendency.  The  first  is  the  impact  of  the 
coarser  particles.  In  rolling  and  leaping  they 
disturb  the  finer,  tending  thus  to  dislodge  them 
from  their  resting  places  and  either  start  them 
forward  or  else  give  them  new  positions  from 
which  they  may  be  more  easily  swept.  The 
second  is  the  production  of  diTcrsity  in  the 
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current.  Every  obstruction  diversifies  the 
current.  The  deflection  necessary  to  pass  it 
both  constitutes  and  causes  diversity  of  direc- 
tion, and  diversity  of  direction  necessitates 
diversity  of  velocity.  If  a  pebble  is  placed  on 
the  sandy  bed  of  a  small  stream,  the  trans- 
formation of  the  axljacent  parts  of  the  bed  by 
the  diversified  current  is  obvious.  The  build- 
ing up  of  the  bed  in  the  lee  of  the  pebble  testi- 
fies to  lowered  velocity,  and  the  scouring  at  the 
side  to  heightened  velocity.  In  the  same  way 
each  coarser  grain  of  a  heterogeneous  stream 
load  diversifies  the  current  about  it  and  gives 
to  such  of  the  filaments  as  are  accelerated 
greater  power  for  the  traction  of  finer  grains. 
"With  reference  to  the  transportation  of  the 
finer  debris,  the  coarser  grains  have  the  func- 
tion of  obstructions  whether  they  are  partly 
embeilded  or  lie  on  the  siu-face  or  are  rolled 
along. 

If  the  factors  concerned  in  the  traction  of  the 
finer  components  of  mixtures  have  been  cor- 
rectly stated,  it  is  not  difficult  to  understand 
that  imder  most  conditions  the  net  result  of 
their  influences  will  be  a  reduction  of  capacity, 
and  also  that  special  conditions  may  deter- 
mine an  increase. 

VOIDS. 

The  packing  together  of  larger  and  smaller 
gi'ains  which  tends  toward  a  smooth  stream 
bed  tends  also  toward  the  reduction  of  inter- 
stitial spaces  within  the  bedded  debris,  thus 
reducing  tlie  percentage  of  voids.  It  was  sug- 
gested in  the  laboratory  that  the  percentage  of 
voids,  used  inversely,  might  serve  as  a  sort 
of  index  of  mobUity,  and  estunates  of  the  voids 
were  accordingly  made  for  most  of  the  mate- 
rials emploj^ed  in  the  experiments  with  mixed 
grades.  Partly  for  this  purpose,  and  partly  to 
obtain  the  factors  neeiled  to  correct  the  weigh- 
ings of  load  for  interstitial  water,  a  series  of 
special  weighings  were  made. 

A  vessel  hokling  535  cubic  centimeters  was 
filled  with  saturated  debris  and  weighed.  Af- 
terward the  same  debris  was  weighed  in  a  dry 
condition.  The  computation  was  made  b}'  the 
formula 

W'-W 


Percentage  of  voids  =  ■ 


535 


in  which   W  is  the  weight  of  saturated  debris 
in  grams  and  TFthe  weight  of  dry  debris. 

Table  62  contains  the  estimated  voids  for  the 
binary  mixtures.     In  each  series  the  percent- 


ages are  smaller  for  the  mixtures  than  for  the 
component  grades;  and  when  the  percentages 
were  plotted  in  relation  to  the  proportions  of 
component  grades  (after  the  manner  of  the 
capacities  in  figs.  55  and  56)  each  series  was 
found  to  indicate  a  minimum.  The  positions 
of  the  minima  correspond  to  mixtures  with  30 
to  40  per  cent  of  the  finer  grade  of  debris.  In 
comparing  voids  with  capacities,  the  minuna 
of  the  void  cui'ves  are  to  be  considered  in  rela- 
tion to  the  maxima  of  the  capacity  curves. 


Capacity 


100 


Figure  63.— Curves  showing  the  relations  of  various  quantities  to  the 
proportions  of  fine  and  coarse  components  in  a  mixture  of  two  grades 
of  debris,  (C)  and  (G).  The  horizontal  scale,  when  read  from  left  to 
right,  shows  the  percentage  of  the  coarser  component  in  the  mixture. 

Those  maxima,  however,  are  associated  with 
mixtures  having  60  to  90  per  cent  of  the  finer 
grade;  and  the  attempt  at  correlation  therefore 
fails.  A  single  void  curve  is  reproduced  in 
figvu-e  63,  together  with  the  corresponding 
capacity  curve. 

Table  62. — Percentages  of  voids  in  certain  mixed  grades  of 
debriJi,  compared  with  the  percentages  in  the  component 
grades. 


Percent- 

^7r' 
grade  in 
mixture. 

Percentage  of  voids  in  grade— 

(AC) 

(AG) 

(BF) 

(CE) 

(CG) 

(EG) 

0 
20 
33 
50 
fi7 
SO 
100 

44 

46' 
'44 

38 
28 
24 
29 
31 
37 
44 

37 

31 
29 
29 
34 

39 
4« 

40 
33 
32 
33 
3o 
37 
44 

3S 

3S 

2« 
30 
33 
3S 
44 

29      1 
28 
34 

3(i      1 
40      , 
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FINENESS. 

A  similar  attempt  was  made  to  correlate  the 
capacity  curves  of  figures  55  and  56  with  fine- 
ness. In  computing  the  fineness  of  a  mixture, 
the  finenesses  of  its  components  were  used  as 
data,  and  the  combination  was  made  with  bulk 
finenesses  (p.  21)  as  foUows:  Denoting  the  pro- 
portions of  components  by  a,  h,  c,  etc.,  their 
bulk  finenesses  by  F/,  F/',  F/",  etc.,  and  the 
fineness  of  the  mixture  by  F^^, 


„     aF,'  +  bF"  +  cF/"  + etc. 

a  +  b  +  c  +  etc.  ----^s^) 


Linear   fineness,    F,    was    then    computed    by 
formula  (88). 

The  results  are  listed  in  Table  63,  together 
with  the  corresponding  capacities  for  traction 
when  the  dischai-ge  is  0.363  ft.Vsec.  and  the 
slope  is  1.4  per  cent. 

Table  63. — Finenesses  of  mixed  grades  mid  their  components. 
[Computed  from  ilala  in  Tables  1.  4  (J),  ami  4  (  K).] 


Grade. 

FslW 

F 

C 

Grade. 

ii-j/lO' 

F 

C 

(A) 

1,910 

1,002 

18.5 

(C) 

417 

602 

143 

(A,Ci) 

1,163 

848 

161 

(0,Gi) 

334 

557 

158 

(C) 

417 

602 

143 

(C2G1) 

278 

526 

144 

(CiGi) 

209 

478 

106 

(C,G,) 

139.3 

418 

50 

(A) 

1,910 

1,002 

1S5 

(G) 

0.451 

61.8 

16 

(A3G1) 

1,432 

908 

175 

(AiGi) 

1,273 

873 

169 

(AiGi) 

955 

794 

89 

(E) 

10.77 

178 

62 

(A.Gj) 

637 

678 

42 

(E,G,) 

8.71 

166 

69 

(A,G,) 

420 

604 

25 

(EiG,) 

7.33 

157 

63 

(G) 

0.431 

61.8 

16 

(E,G,) 

5.61 

143 

49 

(E,Gs) 

3.89 

127 

33 

(G) 

0.451 

61.  S 

16 

(B) 

1,023 

812 

149 

(It.Fi) 

798 

747 

170 

( BsFi ) 

656 

700 

145 

(A) 

1,910 

1,002 

185 

(B,F|) 

482 

632 

129 

(AiCiG!) 

582 

673 

98 

(B.Fi) 

318 

538 

69 

(C) 

417 

602 

143 

(BiF.) 

186 

459 

39 

(G) 

0.451 

61.8 

16 

(F) 

1.685 

95.9 

33 

(C) 

417 

602 

143 

(C) 

417 

602 

143 

(CDEFG) 

228 

492 

150 

(C,Ei) 

332 

557 

154 

(D) 

111.5 

388 

127 

(CjEi) 

275 

524 

135 

(E) 

10.77 

178 

62 

(C,E,) 

206 

476 

110 

(F) 

1.68.5 

93.9 

33 

(CiE,) 

137 

406 

91 

(0) 

0.451 

61.8 

16 

(C,E,) 

88 

358 

75 

(E) 

10.77 

178 

62 

Natural. 

419 

603 

168 

The  comparisons  of  capacity  with  fineness 
for  series  of  mixtures  of  two  grades  are  illus- 
trated by  figure  63,  where  the  horizontal  scale 
is  that  of  the  proportions  of  fine  and  coarse  in 
the  mixture.  The  capacity  curve  is  identical 
with  the  second  in  figure  55,  and  the  other 
curves  pertain  to  the  same  series  of  (C  G)  mix- 
tures. The  curves  for  capacity  and  linear  fine- 
ness are  strongly  discordant,  capacity  changing 
most  rapidly  with  mixtures  approximately  in 
the  ratio  of  1:1,  and  fuieness  changing  most 


rapidly  when  the  proportion  of  the  finer  grade 
is  minute.  The  graph  of  bulk  fineness  is  a 
straight  line  and  betrays  no  sympathy  with  the 
sigmoid  curve  of  capacity,  though  somewhat 
less  discordant  than  the  curve  of  hnear  fineness. 
It  is  quite  evident  that  the  peculiar  relation 
of  capacity  to  the  pioportions  of  a  binary  mix- 
ture is  not  to  be  either  accounted  for  or  formu- 
lated as  a  relation  of  fineness,  and  we  have  just 
seen  that  it  can  not  be  formulated  in  terms  of 
the  percentage  of  voids.  The  elimination  of 
those  two  associated  factors  leaves  it — so  far 
as  our  recognized  alternatives  are  concerned — 
to  be  ascribed  wholly  to  modifications  of  the 
texture  of  the  channel  bed  and  the  consequent 
modifications  of  the  mode  of  transportation, 
and  to  these  factors  it  is  not  practicable  to  give 
numerical  expiession. 

RELATION    OF   CAPACITY   TO    FINENESS.  FOR 
NATURAL   GRADES. 

There  is  another  way  of  comparing  the  ca- 
pacities pertaining  to  mixed  gi-ades  with  the 
fineness  of  the  gi-ades,  which  largely  avoids  the 
influence  of  changing  mode  of  traction  and 
which  throws  a  side  light  on  the  relation  of 
capacity  to  fineness  in  the  case  of  natural 
grades.  Instead  of  comparing  the  data  for 
different  mixtures  of  the  same  two  simple 
grades,  it  compares  data  from  similar  mixtures 
of  different  p.iire  of  simple  grades. 

Figure  64  has  been  compiled  from  data  in 
Table  63.  Its  upper  group  of  five  dots  repre- 
sents the  logarithms  of  capacity  in  relation  to 
the  logarithms  of  linear  fineness,  for  combina- 
tions of  fine  and  coarse  in  the  ratio  of  4:1 
(one  ratio  of  3:1  being  included).  The  line 
drawn  among  them  gives,  by  its  inclination, 
an  estimate  of  7^,  the  synthetic  index  of 
capacity  in  relation  to  fineness,  for  a  range  in 
fuieness  from  166  to  908,  the  value  being  0.70. 
The  next  group  of  dots  corresponds  to  mix- 
tures of  two  fine  to  one  coarse  and  gives  0.57 
as  a  value  of  the  index.  The  next  group,  dis- 
tinguished by  crosses,  corresponds  to  mixtures 
of  one  part  fine  with  one  of  coarse.  It  includes 
six  points,  but  one  of  these  stands  far  from  the 
line  suggested  by  the  others.  The  line,  as 
drawn,  represents  an  index  value  of  0.62.  In 
the  fourth  group,  distinguished  by  X's  and 
corresponding  to  mixtures  of  one  fine  to  two 
coarse,  the  points  are  so  irregularly  placed 
that  no  Ime  can  be  drawn;  and  a  fifth  group. 
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not    reproduced,    is    equally    irregular.     Fine- 
ness seems  to  control  capacity  when  the  finer 


Mixturv  41        . 
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X 
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FiGUKE  64. — Logarithmic  plots  of  capacity  in  relation  to  linear  fineness, 
for  related  mixtures  of  debris. 

component  of  the  mixture  is  the  more  im- 
portant, but  other  factors  mask  its  influence 
when  the  coarser  component  dominates. 


In  preparing  the  mixture  (C^jDjsEuFoGj)  the 
endeavor  was  made  so  to  apportion  the  com- 
ponents as  to  approximate  a  natural  grade. 
To  whatever  extent  that  effort  succeedetl,  the 
data  obtained  with  use  of  the  mixture  are  com- 
parable with  those  afterward  obtained  with  a 
natural  grade.  The  capacities  and  finenesses 
of  the  complex  mixture  and  the  natural  grade 
are  represented  by  two  plotted  points  near  the 
bottom  of  figure  64,  and  the  line  drawn 
through  them  gives  0.57  as  a  value  of  the 
index.  Unfortunately  the  range  in  fineness 
covered  by  the  two  is  small — from  492  to  603 — 
so  that  their  determination  of  l^  has  littlei 
weight;  its  close  agreement  with  other  values 
may  be  largely  accidental. 

In  Table  45  mean  values  of  /^  based  on  work 
with  the  sieve-separated  grades  are  so  arranged 
as  to  show  their  control  by  slope,  discharge,  and 
ti'ough  width.  On  making  the  indicated  allow- 
ances for  differences  in  condition,  and  compar- 
ing those  values  with  the  values  indicated  by 
figure  64,  it  appears  that  the  latter  are  some- 
what smaller  but  that  the  differences  are  not 
great.  The  index  values  from  data  of  the 
experiments  with  mixtures  range  from  0.57  to 
0.70.  Coordinate  values  from  the  experiments 
with  single,  sieve-separated  grades  would  range 
from  0.70  to  0.90. 


Figure  tiS.— C'l: 


500  1,000 

Linear  fineness 
illustratini;  the  range  and  distribution  of  finenesses  in  natm-al  and  artificial  grades  of  ddbris. 


In  considering  the  bearings  of  these  esti- 
mates there  is  advantage  in  giving  graphic 
expression  to  the  conditions  they  severally 
represent.  ^Mien  the  results  of  mechanical 
analyses  of  sands  and  similar  materials  are 
presented  graphically,  the  usual  practice  is  to 
plot  integrated  quantities,  or  proportions,  of 
ingredients  on  a  scale  of  fineness  or  coarseness; 
but  for  the  present  purpose  it  is  convenient  to 
use  the  quantities  without  integration.  In 
figure  65  the  horizontal  scale  is  that  of  linear 
fineness,  and  the  ordinates  are  relative  quan- 


tities of  components  of  different  finenesses. 
The  curve  ABG  represents  the  composition  of 
the  debris  constituting  the  tractional  load  of  a 
river  and  is  based  on  a  sample  of  alluvium 
from  a  river  bed.  The  area  ABCD,  between 
the  curve  and  the  axis  of  fineness,  represents 
the  total  load  and  corresponds  to  the  100  per 
cent  of  integrative  diagrams.  The  range  in 
fineness  is  limited  at  A  by  competent  fineness 
for  traction,  coarser  material  on  the  river  bed 
not  being  moved  by  the  particular  discharge 
to    which    the    diagram    corresponds.     It    is 
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limited  in  the  opposite  direction  by  competent 
fineness  for  suspension,  the  area  CED  repre- 
senting suspendible  material  entangled  with 
the  bed  load.  The  mean  fineness  of  the  trac- 
tional  load  is  marked  at  M. 

In  sorting  debris  for  the  laboratory  experi- 
ments, the  material  of  the  river's  load  was 
divided  by  sieves,  and  this  partition  might  be 
represented  in  the  diagram  by  a  series  of 
vertical  lines — slightly  flexed  to  take  account 
of  the  influence  on  the  separation  of  irregularity 
in  shape  of  particles.  The  shaded  areas  X  and 
Y  may  represent  the  constitution  as  to  fineness 
of  two  of  the  sieve-separated  grades. 

The  experiments  show  that  for  a  narrowly 
limited  grade,  such  as  X  or  Y,  which  has  the 
same  mean  fineness  as  the  river  alluvium, 
ABCD,  the  capacity  for  traction  is  much  less 
than  for  the  alluvium.  They  indicate  also, 
though  less  decisively,  that  for  a  nearly  equal 
mixture  of  a  fine  grade  with  a  coarse,  both 
being  narrowly  limited,  the  capacity  is  nearly 
the  same  as  for  the  unsorted  alluvium,  pro- 
vided the  mean  fineness  is  the  same.  The 
essential  property  appears  to  be  abundance  of 
both  coarse  and  fine,  and  not  multiplicity  of 
gi-ades  of  fineness. 

Passing  now  from  capacity  to  capacity's 
rate  of  variation — in  respect  to  fineness — or  to 
the  valuation  of  i^,  we  find  a  certain  parallel- 
ism. For  the  narrowly  limited  grades  the 
sensitiveness  of  capacity  to  fineness,  as  meas- 
ured by  the  index  i^,  extends  upward  from 
about  0.60;  while  values  of  the  synthetic 
index,  7^,  range  from  0.70  to  1.00  or  more. 
As  to  these  values  the  data  are  not  abundant. 
For  mixtiues  of  two  narrow  grades  we  have  a 
few  estimates  of  7^,  of  which  the  largest  is  0.70; 
and  for  grades  similar  to  ABCD  a  single  weak 
estimate  of  0.57.  If  we  conclude  that  the 
sensitiveness  of  capacity  to  fineness  is  less  for 
natural  grades  than  for  the  narrowly  limited 
grades,  we  must  base  the  inference  almost 
wholly  on  the  data  from  the  mixtures  of  two 
grades,  connecting  the  latter  with  natural 
grades  by  aid  of  the  analogy  outlined  above. 
This  I  am  willing  to  do,  but  at  the  same  time  I 
would  record  my  recognition  of  the  weakness 
of  the  evidence  and  reasoning.  It  is  estimated 
that,  on  the  average,  the  capacity  of  streams 
for  natural  grades  of  debris  varies  with  the 
0.60  to  0.75  power  of  linear  fineness.  This  is 
equivalent  to  saying  that  capacity  varies  with 


the  0.20  to  0.25  power  of  bulk  fineness,  or 
with  the  fifth  or  fourth  root  of  bulk  fineness. 

While  the  curve  in  figure  65  is  based  on  the 
mechanical  analysis  of  material  which  consti- 
tuted the  tractional  load  of  a  river  current, 
there  is  no  reason  to  believe  that  its  form  pre- 
sents a  dominant  type.  Inspection  of  other 
analyses,  in  fact,  suggests  that  such  curves  ex- 
hibit much  variety  and  may  sometimes  even 
present  two  maxima.  The  load  which  a  natu- 
ral current  carries  is  determined  not  only  by 
the  two  hmits  of  competence,  but  by  the  char- 
acter of  the  material  within  its  reach.  Neigh- 
boring affluents  of  a  river  may  bring  to  it 
strongly  contrasted  grades  of  debris,  or  their 
tribute  may  at  one  time  be  much  finer  than  at 
another.  Moreover,  a  river  is  not  a  simple  cur- 
rent, but  a  complex  of  currents,  which  vary  in 
competence  and  m  the  character  of  their  loads. 
It  is  true  that,  the  chamiel  being  considered  as 
a  whole,  its  load  at  one  pomt  is  essentiaUy  the 
same  as  just  above  or  just  below,  but  the  mode 
of  movement  involves  a  continual  remodehng 
of  the  bed  and  a  sorting  and  re-sorting  of  the 
material.  The  load  at  any  particular  point 
and  time  is  conditioned  by  many  factors  of  the 
complex.  For  this  reason  a  representative 
sample  of  a  river's  load  is  not  easy  to  define  or 
to  collect. 

In  view  of  this  complexity  it  is  difficult  to 
apply  even  a  simple  formula  to  problems  in 
river  engineering,  and  refinement  in  formula- 
tion would  be  of  little  avail.  For  the  same 
reason  it  is  not  practicable  to  derive  a  formula 
directly  from  river  data,  and  the  product  of 
the  laboratory  is  the  best  available,  despite  the 
artificial  simpHcity  of  its  conditions. 

DEFINITION    AND    MEA.SUREMENT    OF    MEAN 

FINENESS. 

The  term  "mean  fineness,"  as  here  used,  ia 
not  free  from  the  possibility  of  misapprehen- 
sion. As  the  fineness  of  debris  is  a  property 
depending  on  the  size  of  component  particles, 
it  is  not  unnatural  to  think  of  fineness  as  a 
property  of  the  particles — and  there  is,  for  that 
matter,  a  fineness  of  particles.  To  obtain  the 
mean  fineness  of  particles,  one  would  first  de- 
termine the  fuienesses  of  the  indi^adual  parti- 
cles, and  then  the  mean  of  those  finenesses. 
The  basal  unit  would  be  the  particle.  In  de- 
riving the  mean  fineness  of  a  body  of  debris 
the  basal  unit  is  some  unit  l)y  wliich  quantity 
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of  debris  is  measured.  It  may  be  a  unit  of 
weiglit  or  a  unit  of  volume.  In  this  report  a 
body  of  debris  is  conceived  to  be  composed  of 
equal  volume  units,  each  of  which  has  a  deter- 
mbied  or  determinable  fineness,  and  its  mean 
fineness  is  the  mean  of  the  finenesses  of  the 
volume  units.  In  dealuig  with  bulk  fineness 
the  mean  computed  is  the  arithmetical  mean 
of  the  finenesses  of  units.  In  deahiig  with 
linear  fineness  the  mean  computed  is  the  cube 
root  of  the  arithmetical  mean  of  the  cubes  of 
the  finenesses  of  units. 

The  intricacy  of  the  definition  of  mean  linear 
fineness  arises  from  the  relation  of  hnear  fine- 
ness to  bulk  fineness.  The  fundamental  con- 
cept is  that  of  bulk  fuieness,  and  the  definition 
of  Hnear  fineness  rests  upon  it .  Linear  fuieness 
is  essentially  a  derivative  of  bulk  fuieness,  and 
mean  Hnear  fuieness  is  an  exactly  similar  de- 
rivative of  mean  bulk  fineness.  To  pass  from 
an  assemblage  of  linear  finenesses  to  their 
mean,  it  is  necessary  to  pass  through  bulk 
fuieness,  and  that  passage  involves  cubes  and 
cube  root. 

Bulk  fineness  is  defuied  as  tlie  number  of 
particles  in  a  unit  volume  (1  cubic  foot),  it 
being  assumed  there  are  no  voids.  It  is  the 
reciprocal  of  the  volume  of  the  particle — which 
might  be  called  bulk  coarseness.  There  are 
two  practical  modes  of  measuring  it.  If  the 
specific  gravity  of  the  debris  be  known  (or 
assumed),  measurement  includes  a  weighing 
and  a  counting.  Then,  TF  being  the  weight, 
N  the  number  of  particles,  G  the  specific 
gravity,  W^  the  weight  of  a  cubic  foot  of 
water,  and  F2  the  bulk  fineness. 


F,= 


W,GN 

w   - 


.(86) 


If  the  specific  gravity  be  not  known,  measure- 
ment includes  two  weighings  and  a  countuig. 
Then,  TF  being  the  weight  in  air  and  TFj  the 
weight  in  water, 


F,= 


57) 


This  procedure  determines  bulk  fineness 
when  all  particles  have  the  same  volume;  when 
they  are  of  dift'erent  volumes  it  determines 
mean  bulk  fineness.  As  a  matter  of  fact,  all 
our  measurements  in  the  laboratory  were  of 
mean   fineness.     It    is    not    possible    by    any 


method  of  sorting  with  which  I  am  acquauited 
to  separate  from  a  natural  alluvium  a  grade 
which  is  really  uniform  ui  fineness. 

When  the  mean  fineness  of  a  sample  of 
debris  is  desired,  there  is  no  need  to  separate 
it  into  gratles,  because  the  process  for  measur- 
ing the  mean  fineness  of  the  whole  is  identical 
with  that  for  measuring  tlie  fineness  of  a  grade. 
When  bodies  of  debris  of  known  fuienesses  are 
mingled,  the  mean  fineness  of  the  mixture  is 
computed  by  a  formula  (8.5),  which  sums  the 
finenesses  by  unit  volumes  (or  weights)  and 
then  divides  by  the  number  of  unit  volumes. 

Linear  fineness  is  ilefinetl  as  the  reciprocal 
of  the  mean  diameter  of  the  particles  of  the 
debris.  Like  bulk  fuieness,  it  is  treated  as  a 
property  of  the  body  of  debris  and  not  as  a 
property  of  the  particle.  Mean  diameter  is 
defuied  as  the  diameter  of  a  sphere  having  the 
same  volume  as  the  particle.  Defined  thus, 
linear  fineness  is  a  function  of  volume  of  parti- 
cle, and  as  bulk  fineness  is  also  a  function  of 
that  volume,  the  two  have  a  fixed  relation: 


<o)'^' 


Substituting  in    (SS)   from    (86)   and    (87),  we 
have 

....(89) 


--(0'(t&)'----«> 

The  computations  of  fineness  for  this  report 
used  (89)  or  (90) ;  or,  what  is  equivalent,  they 
first  determined  bulk  fineness  by  (86)  or  (87), 
and  then  derived  linear  fineness  by  (88).  The 
computations  of  mean  linear  fineness  applied 
(88)  to  mean  bulk  fineness. 

It  would  have  been  possible  to  formulate  fine- 
ness in  such  a  way  that  the  defuiition  of  linear 
fineness  would  be  direct  and  comparatively 
simjile,  but  any  such  formulation  would  en- 
counter complexity  in  some  of  its  parts,  pro- 
vided it  established  a  logical  relation  between 
linear  fuieness  and  bulk  fineness.  Its  adoption 
would  also  involve  the  sacrifice  of  smiplicity  in 
the  measurement  of  fineness.  Any  system  re- 
cjuiring  the  direct  measurement  of  diameters 
would  be  inferior  for  practical  purposes  to  tbe 
one  here  usetl. 

The  subject  of  scales  of  fuieness  has  been 
elaborated  because  nearly  all  the  results  as  to 
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the  control  of  capacity  by  fineness  would  be 
quite  different  if  a  different  scale  were  used. 
If,  for  example,  mean  linear  fineness  had  been 
defined  as  the  arithmetical  mean  of  linear  fine- 
nesses, the  curve  for  linear  fineness  in  figure  63 
would  be  a  straight  line,  while  the  Ime  for  bulk 
fineness  would  be  a  curve  sunilar  to  that  shown 
for  linear  fineness  but  turned  through  180°. 

Wlien  the  fineness  of  the  fractional  load  of  a 
stream  is  to  be  determined  by  means  of  a  sam- 
ple of  the  debris  constitutmg  its  bed,  account 
must  be  taken  of  another  factor.  Omitting 
considerations  affecting  the  selection  of  a  sam- 
ple, which  belong  to  Chapter  XIII,  let  us  as- 
sume that  the  sample  in  hand  is  representative 
of  the  stream's  fractional  load.  In  adtlition 
to  the  debris  which  was  carried  along  the  bed, 
it  inevitably  includes  finer  material  which  was 
carried  in  suspension.  Suspended  particles  are 
arrested  along  with  the  coarser  and  form  part 
of  every  stream  deposit.  Once  lodged  in  the 
interstices  of  coarser  particles,  they  are  shel- 
tered from  the  current  and  are  not  again  dis- 
turbed so  long  as  the  coarser  material  remams. 
If  the  deposition  of  the  coarser  debris  is  verj^ 
rapid  the  amount  of  entangled  finer  stuff  may 
be  small,  but  when  deposititm  is  slow  the  inter- 
stices act  continuously  as  traps  and  catch  sus- 
pendible  debris  imtil  they  are  filled.  The  lat- 
ter is  the  usual  condition,  and  the  tractional 
sample  therefore  ordinarily  contains  a  consid- 
erable percentage  of  suspensional  material. 
To  separate  the  tw(3  it  is  necessary  to  draw  an 
arbitrary  line,  for  the  graduation  in  fuieness  is 
complete.  As  regards  interstitial  space,  the 
tractional  part  of  the  sample  is  comparable  with 
the  more  complex  mixtures  of  the  laboratory', 
and  its  voids  may  be  estimated  as  25  per  cent 
of  the  whole  space.  The  suspensional  debris 
packed  in  these  voids  may  be  assumed  itself 
to  include  25  per  cent  of  voids,  so  that  the  net 
volume  of  its  particles  is  three-fourths  that  of 
the  contammg  voids,  or  18.75  per  cent  of  the 
whole  space.  The  net  volume  of  the  trac- 
tional particles  being  75  per  cent  of  the  whole 
space,  the  two  divisions  of  the  sample  bear  the 
relation,  by  net  volume  or  by  weight,  of  75  to 
18.75,  or  of  4  to  1.  This  gives  a  practical  rule 
for  separation.  The  sample  should  be  divided, 
with  aid  of  sieves  and  scales,  into  a  coarser  four- 
fifths  and  a  finer  one-fifth,  and  only  the  coarser 
part  should  be  used  in  estimating  mean  fuie- 


ness. In  figure  65  the  entrapped  suspensional 
material  is  represented  by  the  triangular  area 
ODE. 

SUMMARY. 

The  purpose  of  the  experiments  with  mix- 
tures was  to  bi-ing  the  results  from  work  with 
separate  grades  into  proper  relation  with 
phenomena  of  unsorted  natural  material.  The 
indications  given  by  these  experiments  are  in 
part  direct  and  in  part  conditioned  by  the 
principle  adopted  in  framing  a  scale  of  fineness. 
The  adopted  principle  makes  the  conception  of 
bulk  fineness  fundamental  and  that  of  linear 
fineness  derivative. 

The  capacities  for  traction  observed  in  the 
experiments  with  narrowly  Hmited  grades  are 
less  than  for  equivalent  grades  with  greater 
diversity  in  fineness.  A  study  of  data  from 
mixtures  of  two  narrow  grades  indicates  that 
the  ratio  of  advantage  for  diversified  debris  is 
from  1.17  to  2.22,  the  mean  of  five  estimates, 
from  different  groups  of  data,  being  1 .66.  Two 
compai-isons  of  results  from  highly  diversified 
grades,  with  results  from  nearly  homogeneous 
grades  of  the  same  fineness,  give  as  estimates 
of  the  ratio  of  advantage  1.15  and  1.17.  The 
larger  estimates  were  made  by  an  indirect 
metliod  but  are  independent  of  the  scale  of 
fineness.  The  smaller  estimates  were  made 
by  a  direct  method  but  involve  the  theory  of 
the  scale  of  fineness.  In  combining  the  two 
groups  of  estimates,  gi-eater  weight  is  assigned 
to  the  smaller,  not  because  they  are  of  recog- 
nized higher  authority,  but  because  the  same 
scale  of  fineness  will  almost  necessarily  be 
used  in  apphing  the  results  of  the  investiga- 
tion to  practical  questions.  The  compromise 
value  of  1.2  is  adopted,  as  a  correction  to  be 
applied  to  values  of  capacity  in  Table  12  in 
estimating  capacities  for  diversified  grades  of 
like  fineness. 

The  advantage  of  diversification  appears  to 
arise  largely  from  the  fact  that  the  finer 
particles,  bj'  filling  spaces  between  the  coarser, 
make  a  smoother  I'oad  for  the  travel  of  the 
coarser,  and  it  is  not  proved  that  a  liighly 
diversified  debris  gives  Ingher  capacity  than 
one  containing  only  two  sizes  of  particles. 

It  is  especially  notable  that  when  fine  ma- 
terial is  added  to  a  previously  homogeneous 
coarse  material  not  only  is  the  total  capacity 
increaseil,  but  the  capacity  for  the  coarser  part 
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of  the  load  is  increased,  and  it  may  even  be 
enlarged  several  fold.  The  general  effect  of 
adding  coarse  to  fine  is  to  reduce  the  stream's 
capacity  for  the  fine,  but  under  some  conditions 
there  is  a  sUght  increase. 

The  general  relations  of  capacity  to  slope, 
discharge,  and  fineness  (and  presumably  to 
form  ratio  also)  are  the  same  for  natural  and 
other  complex  grades  of  debris  as  for  the  sieve- 
sorted  grades  of  the  laboratory,  but  some  of 
the  constants  are  not  quite  the  same. 

The  sensitiveness  of  capacity  to  slope  is  on 
the  average  the  same  for  both  classes  of  debris 
grades,  but  the  variation  of  sensitiveness  in 
relation  to  slope,  as  determined  by  the  con- 
stant a,  is  somewhat  less  for  natural  grades. 


As  to  the  relation  of  capacity  to  discharge 
comparison  was  limited  to  a  single  example, 
and  that  suggested  no  modification  of  the 
constants  derived  from  work  \\-ith  laboratory 
grades. 

The  sensitiveness  of  capacity  to  fineness  is 
somewhat  less  for  natural  grades  than  for  the 
the  laborator}-  grades.  No  values  of  the 
constant  (f)  were  obtained  for  complex  grades, 
and  comparisons  of  sensitiveness  were  made 
only  by  means  of  the  synthetic  index  of  relative 
variation.  The  average  value  of  that  index, 
for  natural  grades  of  debris  transported  under 
laboratory  conditions,  is  estimated  at  0.20  to 
0.25  for  bulk  fineness. 


CHAPTER   X.— REVIEW   OF   CONTROLS   OF  CAPACITY. 


INTRODUCTION. 

In  the  preceding  seven  chapters  the  relations 
of  capacity  for  stream  traction  to  a  variety  of 
factors  have  been  examined  one  at  a  time.  It 
is  now  proposed  to  bring  together  some  of  the 
discovered  elements  of  control.  The  experi- 
mental data  thus  far  considered  pertain  to 
straight  channels,  and  the  factors  of  control 
connected  with  bending  channels  have  not  re- 
ceived attention.  Those  factors  must  be  in- 
cluded when  the  attempt  is  made  to  bring 
laboratory  results  into  relation  with  river  phe- 
nomena, but  as  they  constitute  a  category  by 
themselves  it  is  convenient  to  leave  them  out 
of  the  account  in  correlating  the  results  from 
straight-channel  work. 

The  immediate  determinants  of  capacity  are 
(1)  the  velocities  of  the  current  adjacent  to  the 
channel  bed,  (2)  the  witlths  of  channel  bed 
through  which  those  velocities  are  effective  in 
moving  debris,  and  (3)  the  mobility  of  the 
debris  constituting  the  bed  and  the  load.  It 
was  not  found  practicable  to  measure  bed  ve- 
locity, but  measurement  was  applied  to  its  two 
chief  determmants,  slope  and  discharge,  and 
also  to  its  intimate  associate,  mean  velocity, 
and  these  have  been  discussed  separately. 
Width  has  entered  into  the  discussion  chiefly  as 
an  associate  of  depth  in  the  determination  of 
form  ratio.  By  reason  of  these  and  other  inter- 
relations the  six  controls  of  capacity  which  have 
been  discussed — slope,  discharge,  fineness, 
depth,  mean  velocity,  and  form  ratio — are  not 
independent,  and  not  all  shoidd  appear  in  a 
general  equation.  Slope,  discharge,  and  fine- 
ness being  accepted  as  of  primary  importance, 
it  is  feasible  to  add  but  one  of  the  others,  and 
choice  has  been  made  of  form  ratio. 

FORMULATION  BASED  ON  COMPETENCE. 

The  functions  used  in  discussing  the  relations 
of  capacity  to  slope,  discharge,  and  fineness  are 
similar,  and  each  involves  a  conception  of  com- 
petence.    Competence  enters  also  the  theory  of 
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the  relation  of  capacity  to  form  ratio,  but  it 
enters  in  a  different  way.  It  is  convenient  to 
omit  at  first  the  form-ratio  function  and  con- 
sider together  the  three  which  are  similar. 
They  are: 

C=6i(S-c7)« (10) 

C=h,(Q~K)" (64) 

C=l,{F~^)P (75) 

Each  of  these  equations  expresses  the  law  of 
variation  of  capacity  with  respect  to  one  con- 
dition when  the  other  two  conditions  are  con- 
stant, and  in  that  sense  they  are  independent ; 
but  there  is  a  mutual  dependence  of  parameters 
which  is  of  so  complete  a  character  that  they 
are  essentially  simultaneous.  The  dependence 
of  parameters  is  more  readily  stated  by  means 
of  a  specific  instance  than  in  general  terms. 
In  equation  (10)  7)„  a,  and  n  are  constant  so 
long  as  Q  and  F  hold  the  same  values ;  they  do 
not  vary  with  variation  of  S.  But  when  the 
values  of  Q  and  F  are  changed  those  of  6„  a, 
and  71  are  modified.  Through  this  control  of  its 
parameters  the  equation  mvolves  the  relation 
of  capacity  to  discharge  and  fineness. 

The  coefficient  h^  is  the  value  of  capacity 
when  {S  —  a)  =  \;  h^  when  (Q  —  k)  =  1 ;  6^  when 
{F—(j))  =  l.  Replacing  them  by  h^,  as  the 
numerical  value  of  capacity  when  {S  —  a)  =  1, 
{Q  —  k)  =  1 ,  SLiid  {F—(f>)  =  l,  we  maj'  combine 
the  three  equations  mto 


C=h{S-a)«iQ-K)o{F- 


(91) 


The  constant  h^  is  not  of  the  same  unit  with 
either  h^,  63,  or  h^.  Its  dimensions,  derived  from 
those  of  the  variables  of  (91),  are  L'"-"" M^^' T"''. 

From  the  experimental  data  have  been  com- 
puted 92  values  of  n,  20  values  of  0,  and  5 
values  of  p.  (See  Tables  15,  32,  and  44.)  All 
these  are  positive.  The  following  statistical 
summary  gives  a  general  idea  of  their  relative 
magnitudes.  Its  figures  are  not  based  on  the 
same    range    of    observational    data;    but    the 
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ranges  for  o  and  -p  correspond  approximately 
with  the  middle  part  of  the  range  for  n. 


Expo- 
nent. 

Number 
of  deter- 
mina- 
tions. 

Mean 
value. 

Range  of 
values. 

n 

0 

P 

92 
20 
5 

1.59 
1.02 
.58 

0.  9.3-2. 37 
.  sl-1. 24 
.50-  .62 

It  will  be  recalled  that  while  the  forms  of  the 
equations  involvmg  a,  k,  and  9!)  were  based  on  the 
conception  of  competence,  it  was  not  found 
possible  to  correlate  those  parameters  strictly 
with  competent  slope,  discharge,  and  fineness. 
The  correlations  were  obstructed  by  phenomena 
of  dune  rhythms  ami  of  tliversified  fineness  and 
could  not  be  completed,  but  the  forms  of  equa- 
tion were  found  to  be  well  adapted  to  the  com- 
bined expression  of  observational  data  above 
the  region  of  competence.  Their  relation  to 
competence  is  not  absolute  but  intimate,  and 
it  is  so  intimate  that  certain  properties  of  the 
parameters  may  properly  be  inferred  from  the 
physical  theory  of  competence. 

Wlien  the  swiftest  velocity  on  the  bed  is 
barely  able  to  move  debris,  there  is  a  threefold 
condition  of  competence.  For  the  particular 
discharge  and  fineness,  the  slope  is  competent; 
for  the  particular  slope  and  fineness,  the  dis- 
charge is  competent;  for  the  particular  slope 
and  discharge,  the  fineness  is  competent.  The 
conditions  of  competence  for  the  three  factors 
controlling  capacity  are  thus  not  only  similar 
but  simultaneous  and  coincident.  Neither 
factor  can  sink  alone  to  the  limiting  level  of 
competence,  but  the  three  arrive  together. 
This  is  an  important  principle  and  lies  at  the 
foundation  of  the  systematic  interdependence 
of  parameters  and  variables. 


(92) 


In  equation  (91)  the  quantities 
(S-a),  (Q-k),  and  (F-^)  be- 
come zero  simultaneously.  Wlien 
S  =  a,  then  also  Q  =  k,  and  F=^(f); 
and  vice  versa. 


As  capacity  varies  directly  with  (S  —  a), 
{Q  —  k),  and  {F—(j)),  it  is  also  true  that  each  of 
these  varies  directly  with  capacity.  Any 
change  of  condition  which  affects  capacity 
affects  those  three  quantities  in  the  same  sense. 
For  example,  sujipose  discharge  to  be  increased. 


This  not  only  increases  (Q  —  k)  and  thereby 
increases  capacity,  but  it  also  increases  (S  —  a) 
and  {F—(f>).  One  mode  of  expressing  this  fact 
is  to  say  that  capacity  measures  the  remoteness 
of  each  controlling  factor  from  the  initial  status 
of  competence,  and  all  recede  or  approach 
together. 

Let  us  now  make  a  more  definite  assumption, 
that  discharge  is  increased  while  slope  and 
fineness  remain  the  same.  The  resulting  in- 
crease of  (S  —  a),  as  S  is  unchanged,  implies  a 
diminution  of  a;  and  the  increase  of  (F—(j)) 
implies  a  diminution  of  ^.  That  is,  a  and  (ft 
vary  inversely  with  discharge.  Parallel  reason- 
ing shows  that  a  and  k  vary  inversely  with 
fineness,  and  that  k  and  <f>  vary  inversely  with 
slope. 

These  relations  are  here  developed  deduc- 
tively from  the  theory  of  competence.  They 
have  been  developed  imluctively  from  the  ob- 
servational data,  for  equations  (26),  (66),  and 
(77)  include 


.(93) 


T=/(^,    F) 

«=/,(.^    J) 


No  way  has  been  found  in  which  to  study  the 
exponents  deductively.  The  only  evidences  of 
order  discovered  by  comparison  of  observa- 
tional data  pertain  to  n,  which  has  been  found 
(equation  27)  to  vary  inversely  with  discharge 
and  fineness.  The  question  whether  0  and  p 
follow  sunilar  trends  could  not  be  answered  by 
the  adjusted  data  because  of  the  cumulative 
effect  of  accidental  errors.  There  is,  however, 
considerable  force  in  analogic  reasoning,  based 
not  only  on  equations  (9.3),  but  on  other  ele- 
ments of  symmetry  in  the  relations  of  capacity 
to  the  several  factors — elements  to  be  noted 
later.  The  state  of  the  evidence  may  be  ex- 
])ressed  by 


=/;//($,  h 

=/n.(5,    P)] 

=  fy  (^^  ^)] 


.(94) 


It  is  convenient  to  have  a  name  for  the  group 
of  constants  designated  by  Greek  letters,  and 
as  they  define  the  conditions  of  competence, 
they  may  be  called  competence  constants. 

The  exponent  n  and  the  associated  compe- 
tence constant  a,  as  they  vary  w'th  Q  and  F 
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and  do  not  vary  with  S,  are  controlled  by  Q 
and  F.  As  they  both  vary  mversely  with  Q 
and  with  F,  it  follows  that  they  vary  directly 
one  with  the  other.  It  is  evidently  true  in 
general  that  each  exponent  varies  directly  with 
the  associated  competence  constant. 

n  =  fviia)      1 

0=/r»(«)       (95) 

p=fviii{(j>)  J 

With  a  constant,  the  variation  of  S  —  a  is 
determined  by  variation  of  S.  Considered  as 
additive,  tlieir  variations  are  identical;  but  if 
we  regard  the  changes  as  ratios,  the  changes  in 

{S  —  a)  are  proportional  to  »_    and  those  in  (S  to 

o.     The  ratio  between  these  fractions,  which  is 

S 

Qi ,  is  a  measure  of  the  sensitiveness  of  (S  —  a) 

o  —  a 

to  changes  in  S.  It  is  evident  that  as  iS  in- 
creases the  sensitiveness  diminishes.  As  ca- 
pacity varies  with  a  power  of  (S  —  a),  the  sensi- 
tiveness of  capacity  to  slope  becomes  less  as  the 
slope  increases. 

Any  change  in  S  causes,  according  to  (92) 
and  (93),  a  change  of  opposite  character  in  k 
and  0.  When  S  is  mcreased,  «  and  o  are  re- 
duced.    As    the    sensitiveness    of    (Q  —  k)    to 

change  in Q  is  measured  by  q_    ,  it  is  evident 

that  the  reduction  of  «  lessens  the  sensitiveness. 
This  has  the  effect  also  of  lessening  the  sensi- 
tiveness of  capacity  to  discharge;  and  that  sen- 
sitiveness is  further  lessened  by  the  reduction 
of  0.  Parity  of  reasoning  shows  that  increase 
of  slope  lessens  the  sensitiveness  of  capacity  to 
fineness,  so  that  the  effect  of  mcreasing  slope 
is  to  reduce  the  sensitiveness  of  capacity  to 
all  three  of  its  controlling  factors.  It  is  evi- 
dent also  that  a  similar  result  would  be  reached 
if  the  analysis  began  by  assuming  an  increase 
of  discharge  or  fineness. 

It  is  a  general  principle  that  any  change  in 
one  of  the  control  factors,  slope,  discharge,  and 
fineness,  causing  capacity  to  increase,  has  the 
effect  also  of  making  capacity  less  sensitive  to 
changes  in  each  and  all  of  the  control  factors; 
and  the  inverse  proposition  is  of  course  equally 
true.  The  statement  being  phrased  to  mclude 
both,  the  sensitiveness  of  capacity  to  the  three 
controlling  conditions  varies  inversely  with 
capacity. 


The  term  "sensitiveness,"  as  used  in  the  pre- 
ceding paragraphs,  is  equivalent  to  the  more 
specific  "index  to  relative  variation,"  for 
which  the  symbol  i  has  been  used;  and  hj 
reference  to  various  studies  of  the  control  of 
the  index  by  conditions  it  may  be  seen  that 
the  entire  scope  of  the  general  principle  just 
stated  has  been  covered  by  essentially  in- 
ductive generalizations.  From  equations  (39), 
(68),  and  (79), 


(96) 


=f.x{S,C>,  h] 


This  checking  of  deductive  by  mductive  results 
helps  to  establish  the  second  and  third  equa- 
tions of  (94),  which  were  inferred  from  anal- 
ogies. 

Very  little  is  known  of  the  nature  of  the 
functions  in  (93)  to  (96),  beyond  the  fact 
that  those  of  (95)  are  increasuig  and  the 
others  decreasing.  Deductive  reasoning  has 
not  been  successfully  applied,  and  mduction 
has  escaped  the  entanglement  of  accidental 
errors  in  only  a  single  instance  and  to  a  limited 
extent.  The  exceptional  instance  is  that 
represented  by  the  first  equation  of  group  (96). 
The  symbols  being  translateil  into  words,  that 
equation  reads:  The  index  of  relative  varia- 
tion for  capacity  in  relation  to  slope  varies 
inversely  with  slope,  with  discharge,  and  with 
fineness.  There  are  in  fact  three  distinct 
propositions,  and  each  of  tliese  might  be 
expressed  by  a  separate  equation.  As  to  the 
first  proposition,  that  the  index  varies  in- 
versely with  slope,  it  was  found,  mductively, 
that  the  rate  at  which  it  varies  with  slope  is 
itself  a  decreasing  function  of  slope  and  also 
of  discharge  and  fineness;  and  knowledge  of 
similar  character  was  gained  as  to  the  second 
and  third  propositions  (pp.  104-108).  Repre- 
senting by  diis,  diiQ,  and  diip  the  rates  of  varia- 
tion of  the  index  in  relation  to  slope,  discharge, 
and  fineness,  severally,  we  have 

dhs=fA^,  ^.  H 

di,<i=U^,  P)        (97) 

di^^Up)  I 

These  fragmentary  determinations  are  all  of 
one  tenor,  and  in  view  of  the  remarkable 
symmetries  already  discovered  among  the  ele- 
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(98) 


ments  of  equation  (91),  they  render  probable 
the  general  proposition: 

The  rate  at  which  capacity  varies 
inversely  -with  each  of  the  three 
controllmg  conditions,  slope,  dis- 
charge, and  fineness,  itself  varies 
inversely  with  each  of  the  condi- 
tions. 

'      Retuinuig  to  (92)  and  (93),  we  may  indicate 
certain  corollaries. 

Starting  from  the  status  of  competence,  let 
us  assume  that  slope  is  increased,  with  destruc- 
tion of  the  status,  and  that  the  status  is  re- 
stored by  reducing  discharge.  In  the  restored 
status  o  is  greater  than  in  the  original,  k  is  less, 
and  <j)  is  unchanged.  It  is  evident  that  the 
nature  of  the  result  does  not  depend  on  the 
particular  assumptions,  and  that  we  may  pass 
to  tlie  general  proposition: 

^Ylien  capacity  is  zero,  the  compe- 
tence constants   are   so   related 

that  a  change  in  any  one  of  them  \ (99) 

involves   a   change   of  contrary 
sign  in  some  other. 

Starting  from  a  status  characterized  by  a 
particular  value  of  capacity,  we  may  first 
break  it  hy  increasing  slope  and  then  restore  it 
by  deci'easing  discharge  (iineness  remaining 
unchanged).  The  first  change  reduces  «  and 
<j);  the  second  increases  a  and  ^.  It  does  not 
appear  whether  the  net  i-esult  for  (j)  involves 
change  in  its  value,  but  if  so  the  change  is 
probably  small  in  relation  to  the  increase  in  a 
and  the  decrease  in  «.  It  is  evident  that  the 
nature  of  the  result  does  not  depend  on  the 
particular  assumption,  and  that  we  may  pass 
to  two  general  pi-opositions,  each  of  which 
includes  (99)  as  a  special  case: 

Under  the  condition  that  capac- 
ity is  constant,  the  competence 
constants  are  so  related  that  a 
change  in  any  one  of  them  in- 
volves a  change  of  contrary  sign 
in  some  other. 

I'nder  the  condition  that  capacit 
is  constant,  the  values  of  slojic, 
discharge  and  fineness  are  so 
lelated  that  a  change  in  any  one 
of  them  mvolves  a  change  of 
contrarv  sign  in  some  other. 


(100) 


(101) 


It  follows  also  that 

Under  the  condition  that  capacity' 
is  constant,  the  value  of  each 
controllmg  condition  {S,  Q,  or 
F)  is  so  related  to  the  corre- 
sponding competence  constant 
(ff,  K,  or  (f>)  that  the  two  vary  in 
same  sense. 


(102) 


Propositions  (100)  and  (102)  are  deduced 
from  equations  (9-3).  By  parity  of  reasoning 
equations  (94)  yield  (103)  and  (104),  but  these 
two  propositions  share  whatever  uncertainty 
attaches  to  (94). 


Under  the  condition  that  capacity 
is  constant,  the  exponents  n,  o, 
p  are  so  related  that  a  change  in 
any  one  of  them  involves  a 
change  of  contrary  sign  in  some 
other. 


(10.3) 


Under  the  condition  that  capacity 
is  constant,  the  value  of  each 
controlluig  condition  (S,  Q,  or 
F)  is  so  related  to  the  corre- 
sponding exponent  {n,  o,  or  p) 
that  the  two  varv  in  the  same 


(104) 


As  capacity  can  not  be  increased  under  (91) 
without  increasing  S,  Q,  or  F,  and  as  the 
increase  of  one  of  these  involves  under  (93)  the 
decrease  of  two  competence  constants,  without 
any  change  of  the  third,  it  follows  that  the 
competence  constants,  collectively,  vary  in- 
inversely  with  capacity.  The  same  reasoning, 
if  applied  to  (91)  and  (94),  yields  a  similar 
conclusion  as  to  the  exponents.  To  combine 
the  two  in  a  single  statement: 


(105) 


The  competence  constants  a,  k, 
and  (j),  taken  as  a  group,  and  the 
exponents  n,  o,  and  p,  taken  as 
a  group,  varj^  inversely  witli 
capacity. 


I  find  it  not  easy  to  bring  into  combination 
the  laws  of  internal  relation  between  para- 
meters of  a  group  and  the  laws  which  connect 
the  groups  with  capacity;  but  if  these  laws  be 
regarded  as  conditions,  it  is  possible  to  frame 
more  comprehensive  theorems  of  tentative 
character.     Equations  (106)  are  of  this  class 
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and  are  thought  worthy  of  examination,  al- 
though the  data  at  hand  do  not  suffice  for  their 
testing. 

/;  (6) + /;  (k)  +  f,  (<f>)  -/,  «^)  =  o\        .     . 
>;(») +/e(o) +/,(?) -/»(C)  =  o]-- -- 

Tlie  equation  under  discussion, 

C=b,{S-a)HQ~K)<>{F-cf>)P (91) 

is  an  expression  of  relation  between  capacity 
and  three  of  its  controls,  namely,  slope  (S), 
discharge  {Q),  and  fineness  {F).  It  mvolves 
seven  parameters,  of  which  six  are  functions 
of  the  mdependent  variables,  S,  Q,  and  F.  It 
is  thus  a  bare  framework,  and  the  completion 
of  the  structure  calls  for  the  replacement  of  the 
six  parameters  by  their  values  in  terms  of  the 
variables.  The  laws  contained  in  the  equa- 
tions and  propositions  numbered  (92)  to  (98), 
with  their  corollaries,  (99)  to  (105),  are  con- 
tributions toward  the  completion  of  the  struc- 
ture, but  they  are  largely  of  the  nature  of  re- 
strictions. They  unpose  conditions  to  be  sat- 
isfied by  the  perfected  equation. 

Some  of  the  conditions  are  already  embodied 
in  the  form  of  (91),  and  with  reference  to  such 
conditions  it  is  important  that  the  origin  of  that 
form  be  not  overlooked.  The  form  assumes 
that  the  three  competence  constants  are  the 
values  of  the  corresponding  variables  when  ca- 
pacity is  zero,  whereas  their  identification  with 
those  values  is  by  no  means  complete.  The 
definition  and  recognition  of  the  status  of  com- 
petence are  so  obstructed  by  the  complicatmg 
conditions  of  nonhomogeneous  tlebris  and  dune 
rhythm  that  no  more  can  be  asserted  than  an 
indefinitely  representative  relation.  For  most 
purposes,  however,  we  aie  little  concerned  with 
conditions  in  the  immediate  neighborhood  of  the 
competence  Imiit,  so  that  this  qualification  is  of 
small  practical  moment.  Outside  of  the  neigh- 
borhood of  competence  the  support  of  the  form 
is  empiric ;  it  has  served  well  as  a  scheme  for  the 
marshaling  of  the  observations.  The  support 
is  qualified,  in  turn,  by  the  fact  that  the  obser- 
vations are  not  of  such  harmony  and  precision 
as  to  discriminate  nicely  among  formulas  of 
adjustment.  In  view  of  these  qualifications, 
the  possibility  has  been  recognized  that  some 
of  the  laws  above  enumerated  might  emanate 
from  the  form  of  the  equation  and  have  no 
other  basis;  and  in  view  of  this  possibility  the 


foundations  of  each  conclusion  have  been  scru- 
tinized. I  believe  that  all  the  inferred  laws, 
from  (92)  to  (105),  are  essentially  inductive. 

It  is  easy  to  understand  that  any  construc- 
tive effort  which  should  hang  all  supplementary 
conditions  on  the  framework  of  (91)  would  re- 
sult in  a  formula  so  unwieldly  as  to  be  useless. 
It  is  a  matter  of  faith  with  me  that  if  our  data 
were  so  precise  as  to  substitute  defuiite  quanti- 
tative relations  for  the  fascicle  of  trends  and 
intlefinite  parallelisms  they  have  actually  fur- 
nished, some  way  would  be  found  leading  from 
complexity  to  simplicity.  I  am  not  without 
hope  that  the  presentation  here  made  may  sug- 
gest to  the  mechanist,  familiar  with  the  aspects 
of  solved  problems  of  similar  difficulty,  a  ra- 
tional tlieory  under  which  the  data  may  advan- 
tageously be  recombined. 

In  an  effort  to  discover  unities  among  the 
complexities  of  the  capacity  relations,  equation 
(91)  was  given  the  following  form: 


•(!-0\?-J(fO'-"-> 


The  three  factors  making  the  second  division 
of  the  second  member,  being  independent  of  the 
units  of  measurement,  seemed  well  adapted  to 
the  expression  of  comprehensive  harmonies,  if 
such  exist. 

The  following  negations  were  demonstrated: 

The  quantities  -,  -,  and  -7  are  not  equal,  nor 

are  the  ratios  between  them  constant. 

The  quantities 1,  —  —  1,  and  -7  —  1  are  not 

equal,  nor  are  the  ratios  between  tliem  con- 
stant. 

The     quantities     ('^-lY,     (^-ij.     and 

(F      \P 
-r  — 1  )    are  not  equal,  nor  are  the  ratios  be- 
tween them  constant. 

It  was  also  found  that  the  symmetric  factors 
in  equation  (91),  namely,  (S  —  a)",  {Q  —  k)°,  and 
{F—(}))P,  are  not  equal,  nor  are  the  ratios  be- 
tween them  constant. 

THE  FORM-RATIO  FACTOR. 

In  its  relation  to  form  ratit)  capacity  has 
two  zeros,  one  corresponding  to  a  high  ratio, 
the  other  to  a  low.  Each  of  these  corresponds 
also  to  a  competent  bed  velocity,  so  that  into 
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a  perfect  formula  competence  would  enter 
twice.  Tlie  formula  adopted,  however,  ignores 
the  element  of  competence,  chiefly  because  its 
recognition,  which  would  aild  a  complication, 
was  not  seen  to  be  of  advantage  for  the  expres- 
sion of  the  control  of  capacity  in  the  more  im- 
portant regions  outside  the  vicinity  of  compe- 
tence.    The  accepted  formula  is 

^=^'/l— ^,-V (58) 

\       m+l  p/ 

The  cpiantity  p  is  that  value  of  R  which  corre- 
sponds to  the  maximum  value  of  G — the  maxi- 
mum standmg  between  the  two  zeros — and  b^ 
is  a  capacity  constant.  The  function  as  a 
whole  qualifies  capacity  by  means  of  a  numer- 
ical factor  and  may  be  combined  with  (91)  by 
multiplication  of  the  factors: 


C=b{S-aP(Q- 


■«)°(F-^)pA 


m  + 1    p/ 


(109) 


The  coefficient  h,  replacing  h^  and  h^,  is  a  quan- 
tity of  the  same  unit  with  b^  (see  p.  186),  but 
numerically  independent. 

The  function  now  added  is  of  distinct  type 
from  the  others,  for  instead  of  advancing  by  a 
continuous  law  from  zero  to  infinity  it  first 
rises  to  a  finite  maximum  and  then  returns  to 
zero.  The  first  three  factors  are  harmonious; 
the  foiu'th  discordant.  At  everj'  stage  in  the 
investigation  the  discussion  of  the  laboratory 
data  has  been  hampered  by  this  discordance. 
In  order  to  treat  adequately  the  relation  of  ca- 
pacity to  either  slope,  discharge,  or  fineness,  it 
was  necessary  to  isolate  that  relation  by  equaliz- 
ing other  conditions,  and  slope  or  discharge  or 
fuieness  could  readily  be  equalized;  but  the 
form-ratio  factor  was  intractable.  By  means 
of  interpolation  it  was  possible  to  assemble 
varied  data  characterized  by  the  same  forrn 
fatio,  but  that  did  not  meet  the  difficult}^.  It 
was  necessary  to  take  account  of  the  relation 
of  the  particular  ratio  to  the  optimum  ratio,  p; 
and  the  value  of  ^varies  with  all  other  condi- 
tions. 

The  sensitiveness  of  capacity  to  form  ratio, 
as  measured  by  the  index  of  relative  variation, 
is  less  than  its  sensitiveness  to  other  conditions. 
The  average  of  48  values  tabulated  in  Chapter 
IV  is  0.24,  while  similar  averages  for  fmeness, 
discharge,  antl  slope  are  three,  five,  and  seven 


times  as  great.  The  distribution  of  sensitive- 
ness, in  relation  to  values  of  the  independent 
variables,  is  illustrated  by  figiu-e  66,  where  four 
curves  are  plotted,  each  I'epresenting  a  particu- 
lar instance,  selected  as  typical.  The  vertical 
scale  is  the  same  for  all ;  and  the  ordinates  rep- 
resent values  of  the  mdex  of  relative  variation. 
The  horizontal  scale  is  that  of  slope  for  the 
curve  SS,  of  discharge  for  the  curve  QQ,  of 
fineness  for  the  curve  FF,  and  of  form  ratio 
for  the  curve  RpR.  The  vertical  cc  represents 
the  competence  constants  and  is  an  asymptote 
to  three  of  the  curves.  The  horizontal  line  mm, 
gives  the  value  of  the  exponent  m  correspond- 
ing to  the  form-iatio  index.  For  values  of  R 
greater  than  p  the  index  is  negative,  but  its 
curve  is  drawn  above  the  zero  line  to  represent 
sensitiveness,  which  is  not  affected  by  sign. 
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Figure  66.— T>-pical  curves  illustrating  the  distribution  of  the  sensi- 
tiveness of  capacity  for  traction  to  various  controlling  conditions. 
Ordinates  represent  values  of  the  index  of  relative  variation:  abscissas, 
to  four  diflerent  scales,  represent  values  of  slope,  discharge,  linear 
fineness,  and  form  ratio. 

The  two  parameters  of  the  form-ratio  factor 
have  laws  of  variation  sunilar  to  those  of  the 
other  parameters;  each  varies  inversely  with 
values  of  all  independent  variables  except  its 
own, 

/)=/(^,  4  h (61) 

„,=/,  (5,^,  h 62) 

It  follows  that  each  varies  directly  with  each 
of  the  other  parameters  (cr,  k,  (p,  n,  o,  and  p). 

The  relations  of  the  parameters  to  form  ratio 
are  less  smiple.  In  all  cases  the  evidence  from 
the  observational  data  is  conflicting,  and  as  the 
several  cases  have  come  up  for  consideration 
the  trend  of  evidence  has  seemed  now  in  one 
direction  and  now  in  another.  Impressions  as 
to  those  trends  are  recorded  in  the  preceding 
chapters,  but  when  assembled  they  fail  to  indi- 
cate any  general  principle.     Recourse  is  there- 


192 


TKANSPOKTATION   OF   DEBRIS   BY   RUNNING   WATER. 


fore  had  to  theoretic  considerations  alone,  and 
the  conclusions  reached  can  claim  no  direct 
support  from  the  tabulated  values  of  exponents 
and  competence  constants. 

The  conclusion  (105)  that  the  competence 
constants  collectively  vary  inversely  with  ca- 
pacity is  based  on  the  fact  that  individually 
they  Y-Aiy  inversely  with  things  which  promote 
capacity,  namely,  slope,  discharge,  and  fine- 
ness. Let  us  now  assume  that  those  three  con- 
ditions remain  constant  and  consider  the  effect 
of  varying  form  ratio.  Initially  let  the  form 
ratio  be  so  small  that  the  bed  velocity  is  com- 
petent; a,  K,  and  <^  are  severally  equal  to  the 
competent  values  of  S,  Q,  and  F.  Now  change 
width  and  depth  so  as  to  increase  tlie  form 
ratio  and  capacity  becomes  finite.  That  ca- 
pacity may  be  finite,  a,  k,  and  ^  must  be  less 
than  S,  Q,  and  F,  and  as  the  latter  have  not 
changed  the  competence  constants  have  been 
reduced  by  the  increase  of  form  ratio.  By 
parity  of  reasoning  it  can  be  shown  that  if  the 
initial  form  ratio  be  so  large  as  to  make  the 
bed  velocity  competent  a  reduction  of  form 
ratio  will  cause  a  reduction  of  o,  k,  and  ^x 
Somcwliere  between  the  two  form  ratios  of 
competence  lies  p,  the  form  ratio  of  maximum 
capacity,  and  between  the  same  limits  lie  mini- 
mum values  of  the  competence  constants. 

The  greater  the  capacity  induced  by  adjust- 
meni  of  form  ratio,  the  greater  the  reduction 
of  slope,  for  example,  necessary  to  reduce 
capacity  to  zero,  and  as  this  reduction  varies 
directly  with  the  depression  of  a  below  the 
initial  value  of  S,  it  follows  that  the  minimum 
value  of  a  (and  similarly  of  k  and  (}>)  coincides 
with  the  maximum  of  capacity. 

Tlie  conclusion  that  the  C(mipetence  con- 
stants vary  inversely  with  capacity  is  therefore 
true  for  the  case  in  which  changes  in  capacity 
are  caused  by  changes  in  form  ratio.  It  can 
be  shown  also  that  the  exponents,  n,  o,  and  p, 
follow  the  same  law. 

The  extension  of  this  principle  to  the  domain 
of  form  ratio  gives  assurance  that  the  conclu- 
sions embodied  in  equations  and  propositions 
(99)  to  (108),  conclusions  which  were  reached 
from  phenomena  of  slope,  discharge,  and  fine- 
ness, are  not  vitiated  by  the  traversing  phe- 
nomena of  form  ratio, 

The  function  in  the  form-ratio  factor  of  (109) 
being  characterized  by  a  maxinnim,  the  varia- 
tions of  parameters  with  respect  to  form  ratio 


are  characterized  by  a  minimum.  This  la\? 
may  be  so  combined  with  those  of  (9.3),  (94) 
(61),  and  (62)  as  to  yield  the  following  sys 
tem  of  equations  for  the  trends  of  changes  in 
parameters  consequent  on  changes  in  the  fom 
independent  variables  of  equation  (109): 


K  =/,  (5,  P,  R) 

p  =/,  (^,  ^,  p) 


n=f,{^,P,R)\ 
o=f,{^,P,R)\ 

m=J,  {^,  ^,  P)\ 


(110) 


In  the  development  of  the  form-ratio  factor 
of  equations  (58)  and  (109),  detailed  in  Chap- 
ter IV,  the  factor  first  appeared  as  (1  —aR)B™, 
the  quantity  oc  being  a  numerical  coefficient  in- 
troduced to  represent  the  resistance  to  the  cur- 
rent occasioned  by  the  sides  of  the  channel.     It 

was  afterward  shown  that  oi  = -,  and  that 

m+l  p' 

form  of  coefficient  was  substituted.  These  re- 
lations show  that  either  «  or  m  varies  in  value 
with  the  character  and  amount  of  the  resist- 
ance by  the  channel  sides ;  and,  in  point  of  fact, 
both  do.  Nor  is  that  control  restricted  to  the 
parameters  of  form  ratio.  Lateral  resistance 
affects  also,  and  in  comparable  degree,  the  para- 
meteis  of  slope,  discharge,  fineness,  and  ca- 
pacity. The  sides  of  the  laboratory  channels 
were  vertical  and  were  of  wood,  planed  and 
painted.  Had  they  been  smoother  or  rougher, 
or  had  they  been  inclined,  the  whole  system  of 
values  given  by  the  experiments  woidd  have 
been  different.  There  is  no  reason,  however, 
to  question  that  they  would  have  yielded  the 
same  qualitative  results. 

DUTY  AND  EFFICIENCY. 

The  iliscussions  of  duty  and  efficiency  ia 
Chapters  III  and  V  give  reason  for  the  belief 
that  the  variations  of  either  quantity  in  rela- 
tion to  controlling  conditions  may  advanta- 
geously be  expressed  by  an  equation  identical 
in  form  with  (109).  Such  an  equation  would 
not  be  interconvertible  with  (109),  nor  would 
an  equation  for  duty  be  the  exact  equivalent 
of  one  for  efficiency.  By  the  aid  of  reasonable 
assumptions  the  parameters  of  either  equation 
might  be  deiived  from  the  parameters  of  an- 
other, but  the  results  of  computations  by  the 
several  equations  would  not  be  strictly  com- 
patible. These  discordances  may  be  demon- 
strated as  properties  of  the  algebraic  forms. 
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Ihey  are  alsu  connected  with  the  fact  that  the 
algebraic  forms  imperfectly  represent  the  jihvsi- 
cal  phenomena.  It  is  possible  that  the  physi- 
cal facts  are  closely  represented  by  some  one  of 
the  equations,  m  wliich  case  the  incompati- 
bilities of  tlie  other  two  equations  are  wholly 
of  the  nature  of  errors;  but  if  this  be  so,  our 
data  do  not  enable  us  to  indicate  the  tnier 
equation. 

The  exponent  in  the  slope  factor  is  greater 
for  the  capacity  and  duty  equations  than  for 
the  efficiency  equation,  the  difference  being  a 
large  fraction  of  imity.  The  exponent  in  the 
discharge  factor  is  greater  for  the  capacity 
equation  than  for  those  of  duty  and  efficiency, 
the  difference  being  a  large  fraction  of  unity. 
The  competence  constant  in  the  slope  factor 
is  smaller  in  the  capacity  and  duty  equations 
than  in  that  for  efficiency,  the  difference  being 
a  small  fraction  of  the  constant.  The  com- 
petence constant  in  the  discharge  factor  is 
smaller  for  the  capacity  equation  than  for  the 
others,  the  difference  being  relatively  large. 
The  interrelations  of  parameters  and  the  rela- 
tions of  parameters  to  independent  variables 
are  qualitatively  the  same  for  the  equations  of 
duty  and  efficiency  as  for  the  equation  of 
capacity. 

THE  FORMULA  OF  lECHALAS. 

THE    FORMULA. 

The  oidy  earlier  serious  attempt  to  formulate 
the  transportation  of  debris,  so  far  as  I  am 
informed,  is  that  of  C.  Lechalas,  who  wrote  in 
1S71,  under  the  title  "Xote  sur  les  rivieres  a 
fond  de  sable."'  His  discussion  makes  use  of 
Dubuat's  experiments  on  competent  velocity 
(17S6),  Darcy  and  Bazm's  formulas  for  veloci- 
ties in  conduits  and  rivers  (1878),  and  observa- 
tional data  accumulated  by  the  French  engi- 
neering coq)s  in  connection  \\'ith  projects  for 
the  improvement  of  navigable  rivers.  In  the 
following  abstract  of  the  more  elementary 
part  of  liis  discussion  the  symbolic  notation 
and  the  terminology  of  tlie  present  paper  are 
to  some  extent  substituted  for  those  of  the 
original. 

Postulate  a  stream  of  fixed  width  and  con- 
stant discharge,  traversing  a  bed  of  uniform 
sand,     unlimited    in    quantity    but     without 


1  Annales  de 
431, 1871. 


pouts  et  ciiaiissees,  M*?m.  et  doc,  .5th  st^r.,  vol.  1,  pp.  3S1- 


accessions.  So  long  as  the  velocity  along  the 
bed  exceeds  a  certain  value  the  current  trans- 
ports sand.  Below  that  limit  the  sand  is 
undisturbed. 

Tlie  discharge,  Q,  and  width,  w,  being 
known,  the  mean  depth,  d,  the  slope,  s,  the 
mean  velocity,  F,„,  and  the  bed  velocity,  Fj. 
are  given  by  the  following  three  equations,  of 
which  (1)  and  (3)  are  from  Darcy  and  Bazin. 
The  constants  are  in  meters. 

^  =  0.00028  +  ^^ (1) 

Q  =  wdV^ (2) 

n=F„-10VS?.... (3) 

Tlie  sand  travels  (1)  by  rolling,  (2)  by  sus- 
l^ension.  A  particle  of  water  impinging  on 
the  bottom  gives  motion  to  a  sand  grain,  the 
motion  having  a  direction  which  depends  on 
the  impact  and  on  the  positions  of  adjoining 
particles,  solid  and  liquid.  The  grain  is  pro- 
jected free  from  the  bottom  or  is  rolled  along 
it,  the  particular  result  dependuig  on  the 
incHnation  and  force  of  the  impact  and  on 
various  conditions  which  affect  the  resistance. 
Susjiension  corresponds  especially  to  impacts 
associated  with  high  velocities.  Suspension  is 
rare  below  a  certain  critical  velocity  for  each 
density  and  size  of  sand  grain.  Transporta- 
tion is  slow  at  low  stages  of  a  variable  stream, 
rapid  and  by  suspension  at  high  stages.  The 
grains  describe  trajectories  analogous  to  those 
of  the  water  particles,  but  shorter;  and  there 
are  frequent  returns  to  the  bottom,  as  weU  as 
restings  between  excursions.  Larger  grains 
are  Ufted  less  high,  or  are  rolled  only,  or  remain 
at  rest.  Small  grains  afford  a  better  hold 
("prise)  in  relation  to  then-  weight.  The 
smallest  of  all  are  canied  in  the  body  of  -the 
current . 

The  amount  by  which  the  pressure  on  the 
upstream  face  of  a  grain  immersed  in  a  current 
exceeds  the  pressure  on  the  downstream  face 
is  proportional  to  the  square  of  the  velocity. 
Represent  it  by  aVf,-,  the  coefficient  a  depend- 
ing on  size,  form,  and  position.  For  the  sand 
of  the  Loire,  the  resistance  developed  equals 
a  0:25-,  as  that  sand  is  immobile  when  F;,  <  0.25. 
"The  difference  is  equal  to  the  product  of  the 
mass  of  the  grains  by  their  velocity,  projected 
on  the  same  axis  as  F^— that  is  to  say,  on  the 
axis  of  the  stream.     Tliis  product,  being  pro- 
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portional  to  the  discharge  [load]  of  sand,  C. 
may  be  represented  by  the  expression  hC.  We 
have  then: 


C=  I  (  T-V  -  0.25=)  =  w(  TV  -  O.Oe)- 


(4) 


The  value  of  the  m  \vill  be  sought  from  obser- 
vation, which  will  correct  in  a  measure  for  the 
introduction  of  F^  into  the  equation  without 
allowance  for  the  speed  of  the  grains,  etc. 
Subtraction  of  0.06  ceases  when  the  sands  are 
prevented  by  suspension  from  rubbing  on  the 
bottom;  therefore  the  formula  becomes 
C=mVi,-  for  velocities  above  a  certain  hmit. 
(It  is  readily  understood  that  m,  hke  a,  is  only 
approximately  constant.)" 

The  rate  at  which  dunes  advance  has  been 
measured,  in  the  French  rivers,  in  relation  to 
the  velocities  of  the  associated  currents.  It 
rises  with  Fj  until  the  critical  velocity  is 
reached,  and  then  drops  as  the  change  is  made 
from  rolling  to  suspension.  The  advance  of 
dunes,  depending  on  the  fall  of  grains  into  the 
eddy  (fig.  10)  when  they  have  been  rolled  to 
the  crest,  is  affected  by  the  introduction  of 
suspension  because  then  only  a  part  of  the 
traveUng  grains  are  received  by  the  eddy. 

Observations  made  on  the  Loire  give  as  the 
Umiting  bed  velocity  for  transportation  [com- 
petent velocity  for  transportation],  F6c  =  0.25 
meters  per  second.  According  to  an  engineer 
who  has  discussed  those  observations  [H.  L. 
Partiot  ?],  the  corresponding  surface  velocity, 
Fs,  is  equal  to  ^0.11;  and  the  formula  for  the 
rate  of  advance  of  the  dunes, 

Rate  of  advance  =  0.00013  (TV-0.11)  .(5) 

is  good  for  all  values  of  F,  up  to  1.016.  One 
might  base  on  this  a  formula  for  load  in  rela- 
tion to  surface  velocity,  but  the  formula  would 
be  incomplete  unless  developed  so  as  to  take 
account  of  the  depth;  and  it  is  best  for  the 
present  to  adliere  to  equation  (4),  which  con- 
nects load  with  bed  velocity. 

Lechalas,  however,  for  a  temporary  purpose, 
uses  formulas  of  Darcy  and  Bazin  to  connect 
F(,  mtJi  Fj,  under  certain  assumptions  as  to 
depth,  and  with  their  aid  computes  for  the 
Loire  the  critical  bed  velocity,  F^.^,  at  which 
suspension    of    the    sands   begms.      F6,.„  =  0.55 


meters  per  second.  This  is  the  velocity  cor- 
responding to  Fj  =  1.016,  the  surface  velocity 
which  limits  the  applicability  of  formula  (5). 
The  following  table  contains  the  observa- 
tional data  on  dunes  of  the  Loire  and  compares 
the  observed  rates  of  dune  advance  with  rates 
computed  by  formula  (5). 

Table  63a. — Data  on  subaqueous  dunes  of  the  Loire. 


Rate  of  dune  advance. 

Surface  ve- 
locity. 

Height  of 
dunes. 

Observed. 

Computed. 

Mel.lsec. 

Meters. 

J/rt./sfc.XlO-s 

J/e(./«ec.X10-5 

0.58 

0.900 

3.0 

3.0 

.64 

.300 

3.3 

3.9 

.73 

.300 

5.1 

5.5 

.75 

.782 

6.3 

5.9 

..SI 

.967 

6.7 

7.1 

.81 

.967 

7.5 

7.1 

.83 

.760 

7.6 

7.5 

1.00 

.953 

10.5 

11.6 

1.016 

.920 

12.4 

12.0 

1.016 

.580 

12.0 

12.0 

1.03 

.487 

6.2 

12.35 

1.05 

.612 

7.0 

12.9 

1.11 

1.198 

5.8 

14.6 

1.13 

.650 

8.7 

15.2 

1.33 

.950 

5.6 

21.6 

In  later  passages  Lechalas  recognizes  the 
variations  of  velocity  in  passing  from  one 
vertical  to  another  of  the  same  stream  secticfn 
and  makes  (4)  the  formula  for  a  division,  one 
Tmit  wide,  of  the  cross  section.  Thus  modified, 
it  is  appUed  in  a  variety  of  ways  to  practical 
engineering  problems  of  the  Loire. 

DISCUSSIOX. 

Ledialas's  cla'ssification  of  transportation 
processes  clLflers  from  that  adopted  for  our 
work  in  that  he  makes  saltation,  at  least 
verbally,  a  part  of  suspension.  I  am  led,  how- 
ever, by  a  study  of  the  more  detailed  descrip- 
tions of  liis  colleague  Partiot,  to  beUeve  that 
the  line  practically  draAvn  between  rolhng  and 
suspension  differs  in  small  measure  only  from 
the  line  we  have  drawn  between  traction  and 
suspension. 

The  lower  critical  velocity  of  Lechalas  is  the 
exact  equivalent  of  our  velocity  competent  for 
traction,  and  Ids  upper  critical  velocity  corre- 
sponds approximately  to  our  velocity  compe- 
tent for  suspension.  The  two  attempts  at 
formulation  likewise  agree  in  giving  promi- 
nence to  the  factor  of  competence.  They 
differ  in  the  mode  of  using  that  factor,  and 
they  are  actuated  by  different  preconcep- 
tions. 


EEVIEW    OF    COXTROLS    OF    CAPACITY. 


195 


In  the  first  sentence,  of  the  passage  (pp.  193- 
194)  wliich  has  been  inclosed  in  quotation  marks 
to  indicate  its  literal  translation,  Lechalas  ap- 
I^ears  to  ecjuate  the  velocity  of  a  particle  of  the 
load  with  the  difference  between  the  forward 
pressure  of  the  current  and  the  resistance  given 
by  the  particle.  Hooker'  suggests  that  the  ac- 
celeration of  the  particle  instead  of  its  velocity  is 
intended ;  but  wdth  or  without  such  emendation 
the  author's  reasoning  is  obscure  to  me,  for  I 
«ee  no  necessary  physical  rclati'^n  between  the 
number  or  mass  of  debris  particles  moved  and 
the  pressure  of  the  current.  The  load  may  be 
defined  as  the  product  of  the  mass  of  particles 
by  their  average  speed;  and  their  speed,  being 
produced  by  the  pressure  of  the  current,  may 
be  simply  related  to  it,  but  any  relation  of  the 
mass  to  the  pressure  is  necessarily  indirect  and 
presumably  involved. 

\^liatever  the  strength  or  weakness  of  the 
postulates  on  which  tlie  formula  is  based,  the 
manner  in  which  it  incorporates  the  principle 
of  competence  gives  it  a  rough  resemblance  to 
those  we  have  developed,  wliile  the  char- 
acterization of  its  constant  m  gives  to  it  a 
large  empiric  factor;  and  it  is.  in  order  to 
incjuh-e  whether,  as  an  empiric  formula,  it 
finds  support  in  the  Berkeley  data.  As  the 
Berkeley  observations  do  not  include  bed 
velocities,  the  most  direct  comparison  is 
impr::cticable;  but  an  indirect  relation  may 
readily  bo  estabhshed. 

The  cUfficulty  we  have  found  in  defining  bed 
velocity  may  be  avoided,  for  the  purpose  of 

1  Hooker,  E.  II.,  Am.  Soc.  Civa  Eng.  Trans.,  vol.  36,  p.  256, 1S96. 


the    present    comparison,     by    acceptmg    the 
definition  used  by  Lechalas  in 


\\=V 


10Vf/.9 


(3) 


and  by  assuming  deptli  to  be  constant.  Ac- 
corchng  to  the  Chezy  formula  this  assumption 
makes  V^  approximately  proportional  to 
■yfs^  SO  that  10 ^/ds,  in  (3),  is  proportional  to 
F^.  It  follows  that  Fj  is  proportional  to  F^, 
and  this  permits  us  to  substitute  F„  for  Vf,  in 
equation  (4)  by  changing  the  constants: 


(7=A'(F„=-I-) 


(6) 


Tliis  expression  implies  that  capacity  for  trac- 
tion varies  with  mean  velocity  at  a  rate  whicli 
diminishes  as  mean  velocity  increases  but  is 
never  so  low  as  that  of  the  second  power  of 
mean  velocity.  The  corresponding  data  from 
our  experiments,  namely,  the  data  for  capacity 
m  relation  to  mean  velocity  under  the  condi- 
tion of  constant  depth,  are  in  accord  with  this, 
except  that  they  indicate  a  hmiting  mdex  of 
relative  variation  somewhat  less  than  2.  In 
Table  51  the  values  of  the  synthetic  index,  Ivj, 
range  from  2.03  to  7.S6;  and  a  value  of  2.03 
for  the  synthetic  index  imphes  smaller  values 
of  the  instantaneous  index.  This  discrepancy 
is  not  important,  and  the  formula  of  Lechalas, 
regarded  as  empirical,  is  probably  adequate 
for  the  discussion  of  a  body  of  observations 
on  capacity  and  velocity.  It  could  not,  how- 
ever, be  used  in  connection  ^vith  the  Berkeley' 
data  uidess  both  K  and  k  (or  m  and  0.06  in 
equation  (4))  were  permitted  to  vary  with 
conditions. 
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EXPERIMENTS. 

In  order  to  study  the  iufiuenec  wliich  bends 
in  the  channel  exert  on  capacity  for  traction,  a 
short  series  of  experiments  were  made  with 
channels  having  angular  bends  and  others  with 
channels  having  curved  bends.  Each  of  these 
channels  had  a  width  of  1  foot  and  was  shaped 
by  means  of  partitions  within  a  trough  1.96 
feet  wide.  (See  fig.  67.)  Above  and  below  the 
bends  were  straight  reaches  of  the  same  width. 
All  the  experiments  were  made  with  debris  of 


grade  (C)  and  with  a  discharge  of  0.363  ft.^/sec. 
The  loads  were  measured.  In  some  experi- 
ments the  head  lost  in  the  region  of  the  bends 
was  measured  by  means  of  level  readings  on  the 
water  surface  above  and  Ixilow. 

After  each  experiment  the  profile  of  the  bed 
was  determined  by  Ibvelings  at  intervals  of  1 
foot,  and  in  several  cases  the  region  of  the 
bends  was  covered  by  such  levelings  and 
sketches  as  to  make  it  possible  to  construct  a 
contour  map  of  the  bed. 


I  r 


1 


Figure  G7. — Plans  of  troughs  used  in  experiments  to  show  the  mfluence  of  bends  on  traction. 


SLOPE  DETERMINAXrONS. 

The  profiles  of  the  channel  beds  as  shaped 
by  the  current  were  plotted.  Through  that 
part  of  the  profile  coiTesponding  to  the  straight 
channel  above  the  bends  was  drawn  a  straight 
line  representing  the  mean  slope  for  that  region, 
and  a  similar  straight  line  was  drawn  below  the 
region  of  the  bends.  From  a  point  on  the  first 
line  near  the  position  of  the  first  bend  to  a  point 
on  the  second  line  corresponding  to  a  position 
several  feet  below  the  last  bend  a  straight  line 
was  drawn,  and  this  was  assumed  to  represent 
the  mean  slope  of  the  channel  in  the  region 
affected  most  by  the  bends.  The  profiles  above 
the  bends  showed  evidence  of  the  rhythms  com- 
monly observed  in  the  straight-channel  experi- 
ments. The  profiles  below  the  bends  showed 
steeper  undulations,   which  were   ascribed  to 


the  influence  of  the  strong  agitation  of  the 
water  in  passing  the  bends.  In  estunating 
the  slopes  in  the  region  of  the  bends  the  dis- 
tance used  was  the  length  of  the  medial  line  of 
the  channel. 

The  observations  for  head  were  made  at 
points  2  feet  and  4  feet  above  the  first  bend 
and  3  feet  and  5  feet  below  the  last  bend,  and 
the  slopes  were  computed  for  the  distances,  on 
tlte  medial  line,  between  the  points. 

Check  estimates  of  slope  for  straight  chan- 
nels were  obtained  by  interpolation  from  Table 
12,  the  determinations  of  load  being  used  as 
arguments. 

The  data  are  assembled  in  Table  64,  where 
the  stronger  and  weaker  determinations  of  the 
slope  of  the  debris  surface  are  severally  indi- 
cated by  the  letters  a  and  b.  The  measure- 
ments of  water  slope  are  thought  to  be  coordi- 
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nate  in  value  "with  those  of  debris  slope.  The 
slopes  computed  from  load  measurements  are 
probably  of  less  weight. 

Table  64. — Comparison  of  slopes  required  for  straight  and 
crooked  channels,  respectively,  under  identical  comlilions 
of  discharge,  fineness,  width,  and  load. 

[Dftiris  o[  grade  (C);  discharge,  0.363  ft.^/sec;  width,  1  foot.] 


Shape  of 
croc  Iced 
channel. 
(See  flg. 
67.) 

Load. 

Slope  in  straight           Slope  in  crooked 
channel.                        channel. 

Computed 

from  load 

by  Table 

12. 

Profile  of 

d(!bris 

above  first 

bend. 

Average 
slope  of 
daris. 

.\Terage 
slope  of 
water 
sinface. 

I 

II 

Ill 

IV 

V 

Gm.isec. 
19 
75 
56 

60 

61 

60 
60 

63 
63 
66 
64 
64 

Ferjcent. 
0.42 
.92 

.77 

.80 

.82 

.80 
.80 

.83 
.83 
.85 
.84 
.84 

Percent. 
0.30  6 
.89  6 
.74  6 

.70  a 

Per  cent. 
0.45  6 
.89(1 
.80(1 

.816 

1    1.^  n 

Per  cent. 
0.46 
.93 

.78 

.72 

76  a           80  a 

.85  0    1      .85  6 

.726           .836 
.  62  6          .  80  6 
.87  6          .81  a 
.  87  a           .  77  0 
.  86  a           -  SO  n 



Note. — Values  marked  a  are  given  greater  weight  than  those  marked  6. 

FORMS  AND  SLOPES. 

The  combinations  of  bends  in  the  experiment 
channels  arc  shown  in  figure  67.  In  tliree  of 
the  cliannels  the  bends  were  angular;  in  two 
curved.  In  channel  I  the  angle  of  deflection 
was  10.5°;  there  was  a  single  group  of  four 
bends,  returning  the  course  to  its  original  direc- 
tion; and  the  short  reaches  were  approximately 
.5  feet  long.  In  channel  II  the  arrangement 
was  the  same,  "with  reaches  of  about  2.5  feet 
and  deflection  angles  of  21.5°.  In  channel  III 
were  three  groups  of  four  deflections  each,  the 
angles  being  of  40.9°  and  the  length  of  reach 
about  1.4  feet.  Channel  IV  had  the  same  pro- 
portions as  No.  II,  with  the  substitution  of 
curves  for  angles.  The  radius  of  curvature  for 
the  medial  line  was  6.55  feet.  Channel  V  con- 
tamed  two  groups  of  curves,  each  similar  to  the 
gi-oup  in  No.  IV. 

From  the  data  (Table  64)  connected  with 
channels  I,  II,  and  III,  it  appears  that  with 
angular  bends  a  greater  slope  is  necessary  to 
transport  the  load  than  when  the  channel  is 
straight — that  is,  the  capacity  is  reduced  by 
angular  bends.  Tlie  reduction  is  greatest  when 
the  angle  of  deflection  is  gi-eatest,  and  it  is  so 


small  for  an  angle  of  10°  as  to  leave  doubt 
whether  it  might  not  disappear  altogether  Avith 
a  somewhat  smaller  angle. 

The  single  group  of  curves  (IV)  appears  to 
reduce  capacity  shghth'  (increase  of  slojie  for 
same  load):  but  the  double  group  (V)  gives 
slopes  indicating  an  increase  of  capacity. 

As  the  bends  of  alluvial  streams  are  curved, 
the  curved  experiment  channels  may  be  as- 
sumed to  represent  them  better  than  do  the 
angular  channels,  and  it  is  possible  that  mean- 
dering channels  have  a  greater  capacity  for 
traction  than  straight  channels  of  the  same 
length.     There  are,  however,  certain  elements 
of  incompleteness  in  the  representation  which 
make  definite  inference  hazardous.     The  course 
of   a   stream   which   shapes  its   own   channel 
through  an  allu^'ial  plain  is  made  up  of  bends 
and  reaches.     In  passing  from  reach  to  bend 
there  is  a  gradual  increase  of  curvature  until 
the  radius  of  curvature,  for  the  medial  hne,  is 
between  twice  and  three  times  the  width  of  the 
channel,  and  the  change  from  bend  to  reach  is 
also   gradual.     Tlie    forms    are    automatically 
adjusted  to  the  system  of  accelerations  and 
velocities    within    the    current.     Tlie    angular 
change  of  direction  in  the  bend  may  be  one  of 
a  few  degrees  only,  but  in  meandering  streams 
it  is  commonly  from  90°  to  180°.     In  the  arti- 
ficial channels  all  curves  were  circular  arcs  with 
a  radius  of  6.55  times  the  channel  width;  there 
was  no  graduation  in  the  radial  acceleration 
due  to  deflection;  the  change  from  right-hand 
deflection  to  left-hand  deflection  was  abrupt, 
without  the  intervention  of  a  reach,  and  the 
changes   of  direction   were   tlirough   angles  of 
21.5°  and  43°.     That  such  differences  are  com- 
petent to  affect  transportation  to  a  material 
extent  is  incUcated  by  the  relations  of  deeps 
and  shoals  (crossings)  to  bends.     Fargue,^  from 
a  discussion  of  an  artificially  adjusted  portion 
of  the  Garonne,  reached  the  conclusion  that  the 
distance  downstream  from  the  apex  of  a  curve 
to  the  deepest  point  of  the  associated  deep  and 
the  distance  downstream  from  a  point  of  inflec- 
tion to  the  associated  crossing  are  each  nor- 
mally one-fourth  the  length  of  a  stream  unit — 
defined  as  the  portion  between  two  points  of 
inflection.     In  our  experiments    (see  fig.   68) 
each  of  these  distances  is  one-half  the  length 
of  the  stream  unit  instead  of  one-fourth. 

1  Fargue,  L.,  La  forme  du  lit  des  riviferes  a  fond  mobile,  Paris,  1908. 
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Figure  68.— Contoured  plot  of  a  stream  bed,  as  shaped  by  ;i  current. 


lu  view  of  these  facts,  the  apparent  results 
of  the  experiments  with  crooked  cliannels  must 
be  received  with  caution,  and  probabl}-  nothing 
more  should  be  claimed  for  them  than  a  general 
indication  that  the  capacity  of  a  moderately 
bent  channel  does  not  differ  greatly  from  that 
of  a  straight  ihannel. 

FEATURES  CAUSED  BY  CURVATURE. 

Incidentally  the  experiments  illustrated  sev- 
eral consecjuences  of  curvature  in  addition  to 
the  influence  on  slope  and  capacit}-.  At  each 
turn  the  swiftest  part  of  the  current  was  thrown 
to  the  outer  or  concave  side  of  the  channel,  and 
the  slower  parts  moved  toward  tlie  opposite 
side,  the  transfers  giving  to  the  current  as  a 


whole  a  twisthig  motion.  The  action  on  the 
debris  became  exceptionally  strong  near  the 
outer  side  ami  exceptionally  weak  near  the 
inner.  A  result  of  the  strong  action  was  that 
part  of  the  load  was  thrown  upward,  so  as  to 
be  temporarily  suspended,  and  a  result  of  the 
diversity  of  velocity  was  the  maintenance  of 
deep  places  near  the  outer  wall  and  of  shoals 
near  the  inner.  Associated  with  the  twistmg 
motion  were  many  whirls  or  eddies;  and  the 
general  obUcjuity  of  motion  had  the  effect  of 
reducing  the  mean  velocity  in  the  direction  of 
the  general  flow.  The  reduction  of  mean 
velocity  was  recorded  in  an  increase  of  mean 
depth,  which  amounted,  in  the  average  of  all 
examples,  to  7  per  cent  and  ranged  from  2  to 
14  per  cent. 


CH.APTER    XII.— FLmiE   TRACTION. 


THE  OBSERVATIONS. 


That  which  distinguishes  flume  traction  from 
stream  traction  is  the  fixity  of  the  chaimel  bed. 
In  stream  traction  the  shapes  of  the  bed  are 
adjusted  to  the  rin'thms  of  the  mode  of  trans- 
portation, and  its  texture  is  tliat  of  the  debris 
in  transit.  In  flume  traction  the  bed  is  unre- 
sponsive, but  its  texture,  being  independently 
determined,  has  an  important  influence  on  the 
mode  of  transportation.  The  experiments 
were  arranged  to  determine  the  influences  of 
different  textures  of  bed  on  mode  of  traction 
and  capacity  for  traction  and  were  otlicrwise 
varied  in  respect  to  slope,  width,  discharge, 
and  the  character  of  debris  transported. 

GRADES    OF    DEBRIS. 

The  material  transported  in  the  experiments 
included  most  of  the  grades  already  described 
(see  Table  1  and  Plate  II)  and  also  several 
mixtures  not  pre^aously  mentioned.  In  order 
conveniently  to  show  the  relations  of  the  mix- 
tures to  theii'  components,  all  the  grades  of 
debris  used  in  the  flume  experiments  are  Hsted 
below  in  Table  65,  the  data  of  Table  1  being 
repeated  so  far  as  necessary.  The  elements  of 
the  table  are  defined  at  page  21.  The  material 
of  the  coarse  grades  (I)  and  (J)  differs  from 
that  of  the  finer,  being  about  2  per  cent  less 
dense.  Its  particles  also  are  somewhat  less 
thoroughly  rounded,  tlieir  journey  from  the 
parent  rock  bed  liaving  been  short. 

Table  65. — Grades  of  debris. 


Grade  name. 

Sieves 
used  in 

separation 
(meshes 

to  1  inch). 

D. 

Mean  di- 
ameter of 
particles 
(foot). 

F. 

Number 
of  par- 
ticles to 
linear 
toot. 

Number  of 
particles  to 
cubic  foot. 

(B) 

(C)    ...  . 

40-50 
30-40 
10-20 
4-6 
3-4 
1-2 
M 

0.00123 
.00166 
.00561 
.0162 
.0230 
.0547 
.110 
.0069S 
.00706 
.00836 

812 
602 
178 
61.8 
43.4 
18.3 
9.1 
143.2 
141.7 
119.6 

1,023,000,000 

417,000,000 

10,770,000 

451,000 

156,000 

11,900 

.    i,«o 

5,610,000 
5,4.30,000 
3,266,000 

(E) 

(G) 

(H) 

(I) 

(J) 

(E|Gi).    ... 

(EsHsliJ.).. 

APPARATUS    ANX»    METHODS. 

The  experiment  trougli,  a  moilificatiou  of 
that  represented  in  the  frontispiece,  was  60 
feet  long  and  1.91  feet  wide,  with  vertical 
sides.  The  sides  and  bottom  were  of  wood, 
planed  and  painted.  For  a  portion  of  the 
experiments  the  bottom  was  covered  by  a 
false  bottom,  specially  prepared  to  jiresent  a 
definite  character  of  roughness,  the  sides  re- 
maining smooth.  The  trough  was  so  arranged 
that  it  could  be  given  various  determinate 
slopes  up  to  3  per  cent,  and  by  means  of  an 
inclined  false  bottom  a  slope  of  4.5  per  cent 
was  made.  By  means  of  a  partition  the  width 
was  reduced,  for  the  greater  part  of  the  work, 
to  1.00  foot. 

The  width  of  trough  at  the  outfaU  end  was 
regulated  by  a  contractor,  as  described  on 
page  25.  The  debris  was  delivered  at  the 
outfall  to  a  setthng  tank,  which  had  two 
divisions;  and  a  deflecting  apparatus  was  so 
arranged  that  the  deUvery  could  be  instanta- 
neously diverted  from  one  division  to  the  other. 

Above  the  trough  near  its  head  was  a  sloping 
platform  on  which  measured  units  of  debris 
were  dumped  at  regularintervals,  determined  by 
a  watch,  and  from  which  the  debris  was  fed  to 
the  current  by  hand,  with  the  aid  of  a  scraper. 
The  rate  of  f,eed  was  modified  by  changing  the 
interval  between  dumpings,  and  by  successive 
trials  it  was  adjusted  to  the  capacity  of  the 
current. 

In  accelerating  the  debris,  as  it  fell  into  the 
water,  the  current  was  retarded,  so  that  close 
to  the  feeding  station  it  was  slower  than  else- 
where. When  the  load  was  approximately 
adjusted  to  the  general  capacity  of  the  current 
it  constituted  an  overload  in  this  particular 
tract,  with  the  result  that  a  portion  was  de- 
posited. The  load  would  then  traverse  an 
upper  division  of  its  course  on  a  bed  of  debris, 
while  in  the  lower  and  principal  division  it  was 
in  direct  contact  with  the  bottom  of  the  trough. 
A  tendency  of  the  stream  of  debris  to  clog  near 
the  upper  end  of  the  trough,  although  moving 
freely  beyond,  was  the  ordinary  criterion  of  the 
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proper  adjustment  of  the  feed,  and  when  this 
condition  existed  the  load  deUvered  at  the  out- 
fall was  assumed  to  represent  the  capacity  of 
the  stream.  The  outfall  was  then  directed  for 
a  measured  interval  of  time  to  a  reserved 
division  of  the  settUng  tank,  and  the  debris 
thus  separately  received  was  weighed. 

Besides  the  deposit  connected  with  the  feed- 
ing of  debris  there  were  transitory  deposits  of 
a  rhythmic  character,  as  described  later. 

Five  characters  of  channel  bed  were  used, 
namely,  a  planed  and  painted  wood  surface;  a 
rough-sawn,  unplancd  wood  surface;  a  surface 
of  wood  blocks,  with  grain  vertical;  a  pavement 
of  sand  grains,  set  in  cement;  and  a  pavement 
of  pebbles.     (See  PI.  III.) 

PROCESSES    OF    FUTtlE    TRACTION. 
MOVEMENT  OF  INDIVIDTTAL  PARTICLES. 

Flume  traction  differs  from  stream  traction 
in  its  extensive  substitution  of  roUing  for  sal- 
tation and  in  the  important  place  it  gives  to 
sliding.  The  relative  importance  of  these 
modes  of  particle  movement  is  determined  (1) 
by  the  texture  of  the  bed  surface  in  relation  to 
the  size  of  the  particle,  (2)  by  the  velocity  of 
the  water  in  relation  to  the  size  of  the  particle, 
and  (3)  by  the  shape  of  the  particle. 

In  stream  traction  the  order  of  roughness  of 
the  bed  is  given  by  the  fineness  or  coarseness  of 
the  material  of  the  load,  and  this  fact  deter- 
mines saltation  as  the  dominant  process.  In 
flume  traction  the  bed  may  be  much  smoother. 
On  a  smooth  stream  bed  any  particle  with  a 
broad  facet  is  apt  to  slide,  and  a  well-roinided 
particle  to  roll.  Rolling  is  determined  (rather 
than  sliding)  not  only  by  the  fact  that  the  pro- 
pulsive force  of  the  current  and  the  resistance 
given  by  the  bed  constitute  a  couple,  but  also 
by  the  fact  that  the  current  applies  a  greater 
force  to  the  upper  part  of  the  particle  than  to 
the  lower.  The  less  smooth  the  bed  surface, 
the  greater  its  resistance  and  the  more  effective 
the  couple  in  causing  the  particle  to  roll.  With 
any  particular  texture  of  bed,  the  sizes  of  par- 
ticles may  determine  their  modes  of  progress 
the  largest  sliding,  those  of  smaller  size  rolling, 
and  the  smallest  leaping.  Increase  of  velocity 
tends  to  increase  saltation  at  the  expense  of 
rolling  and  to  increase  rolUng  at  the  expense 
of  sUding. 

A  particle  roUed  slowly  is  in  continuous  con- 
tact with  the  bed.    A  round  particle  may  roll 


rapidly  on  a  smooth  bed  without  parting  from 
it.  Roughness  of  the  bed  causes  changes  of 
direction  in  the  vertical  plane,  and  such  changes 
combined  with  high  velocity  cause  leaps.  If 
the  particle  is  not  round  its  roUing  involves 
rise  and  fall  of  the  center  of  mass,  and  such 
changes  combined  with  high  velocity  cause 
leaps.  Shape  of  particle  may  thus  be  a  deter- 
minant between  saltation  and  rolling,  as  well 
as  between  roUing  and  sliding. 

A  flattish  particle,  which  may  either  slide  or 
roll,  travels  faster  when  roUing.  This  is  due 
partly  to  the  fact  that  when  it  rolls  it  roUs  on 
edge  and  thus  projects  farther  into  the  current, 
and  partly  to  the  fact  that  the  resistance  at 
contact  with  the  bed  is  greater  for  sliding  than 
for  rolUng.  It  is  also  true  that  rolling  par- 
ticles as  a  class  outstrip  sUding  particles  as  a 
class,  the  difference  in  speed  being  marked. 

For  particles  of  similar  size  those  which  domi- 
nantly  roU  outstrip  those  wliich  dominantly 
leap.  This  is  part  of  a  more  general  fact  that 
the  better-rounded  particles  travel  faster  than 
the  more  angular.  In  the  traction  of  mixed 
debris,  where  roUing  is  characteristic  of  larger 
particles  and  saltation  of  smaller,  the  larger 
travel  faster  than  the  smaUer.  There  are  thus 
two  important  ways  in  which  rolUng  gives 
greater  speed  than  saltation.  It  was  not 
learned  whether  a  particle  wliich  alternately 
rolls  and  leaps  travels  -faster  in  one  way  than 
in  the  other. 

A  suspended  particle,  ha-dng  the  same  speed 
as  the  water,  outstrips  all  others.  It  is  there- 
fore possible  that  as  saltation  approaches  the 
borderland  of  suspension  its  speed  exceeds  that 
of  rolUng. 

Wlien  samples  of  different  grades  are  fed  to 
the  same  current  in  succession,  it  is  found  that 
the  coarser  travel  the  faster,  whatever  the  mode 
of  progi'ession  (except  suspension).  In  the  fol- 
lowing record  of  exiieriments  the  speeda  of 
grade  (J)  constitute  an  apparent  exception,  but 
their  slowness  is  ascribed  to  the  fact  that  the 
particles  of  that  grade  were  relatively  angular. 

Table  66. — Relative  speeds  of  coarse  and  fine  debris  in  flume 
traction. 


Depth  of 
water. 

Mean  veloc- 
ity of  water. 

Average  speed  of  debris  particles. 

Grade  (E). 

Grade  (H). 

Grade  (J). 

Fool. 
0.127 
.182 
.110 
.182 

Ft.lsec. 
4.35 
3.04 
2.52 
1.52 

Ft.jsec. 
3.2 
2.3 
1.S5 
.70 

Ft.lsec. 
3.9 
2.4 
2.0 
.85 

Ft.lsec. 
3.8 

2.0 
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It  may  be  observed  in  passing  that  tlie  re- 
corded speed  of  the  particles  is  on  the  average 
75  per  cent  of  the  mean  velocity  of  the  water, 
the  ratio  being  gi  eater  as  the  velocity  is  greater 
and  as  the  depth  is  less.  A  higher  ratio  would 
of  course  be  found  if  the  speed  of  particles 
were  to  be  comjiared  wdtli  that  of  the  lower  part 
of  the  current.  The  percentage  might  be  less 
than  75  if  the  stream  were  fully  loaded. 

In  watcliing  the  traction  of  mixed  debris  it 
was  observed,  as  already  mentioned,  that  the 
larger  particles  traveled  faster  than  the  smaller. 
As  it  is  difficult  in  such  an  observation  to  avoid 
giving  attention  largely  to  the  more  active  par- 
ticles, the  observation  applies  especially  to  those 
which  roll,  but  there  is  probably  a  similar  con- 
trast between  the  speeds  of  less  active  parti- 
cles also.  In  an  experiment  with  glass  balls  of 
different  sizes  it  was  found  that  the  larger  were 
rolled  by  the  cm-rent  somewhat  faster  than  the 
smaller. 

In  attempting  to  understand  the  more  rapid 
propulsion  of  the  larger  particles  it  is  natural 
to  compare  the  phenomenon  with  the  more 
familiar  fact  that  in  the  absence  of  water  a 
large  stone  or  ball  wiU  descend  an  incline  with 
greater  speed  than  a  small  one,  but  there  is  an 
important  (hfFerence  between  the  two  cases. 
The  object  descending  a  dry  inchne  is  impelled 
by  gra\-ity,  acting  directly,  and  part  of  the 
resistance  comes  from  the  fluid  in  wliich  it  is 
immersed,  whereas  the  rolling  debris  pebble  is 
impelled  chiefly  by  the  moving  fluid  which 
surrounds  it.  The  advantage  in  speed  accrumg 
to  the  larger  pebble  in  flume  traction  is  prob- 
ably connected  with  the  fact  that  the  velocities 
of  the  current  increase  from  the  bottom 
upward.  If  the  velocities  were  all  the  same 
the  pressures  appUed  to  similar  pebbles  of 
different  diameter  would  be  proportional  to 
their  sectional  areas,  or  to  the  squares  of  their 
diameters;  but  because  of  the  gradation  of 
velocities  the  increase  of  pressure  in  conse- 
quence of  increase  of  diameter  is  more  rapid 
than  the  increase  of  the  square  of  the  diameter. 
The  chief  resistance  to  the  forward  movement 
of  tlie  pebble  is  engendered  at  its  contact  with 
the  bed  and  is  of  the  nature  of  rolhng  resistance. 
For  uniform  speed,  the  rolhng  resistance  of  a 
wheel  is  proportional  to  its  downward  pressure 
divided  by  its  cUameter;  and  since  in  the  case 
of  the  pebble  the  pressure  is  proportional  to 
the  cube  of  the  diameter,  the  rolhng  resistance 
is  proportional  to  the  square.  Increase  in  size 
of  the  rolhng  pebble  is  thus  accompanied  by 


increase  of  both  propulsive  force  and  roUing 
resistance,  the  increment  to  propulsive  force 
being  somewhat  the  larger;  and  the  equaUty  of 
force  and  resistance  is  restored  by  an  increase 
of  speed,  wliich  has  the  effect  of  reducing  the 
propulsive  force  and  increasing  the  resistance.^ 
The  reduction  of  propulsive  force  is  connected 
with  the  fact  that  that  force  is  determined  at 
each  instant  by  the  velocities  of  the  water,  not 
as  referred  to  the  fixed  bed,  but  as  referred  to 
the  moving  pebble. 

The  analysis  of  forces  might  be  further  de- 
veloped, but  the  foregomg  brief  outhne  serves 
to  indicate  a  mechanical  principle  underlying 
the  observed  fact  that  a  current  rolls  large 
particles  more  swiftly  than  small.  The  princi- 
ple is  of  fundamental  importance  in  account- 
ing for  certain  contrasts  between  the  laws  of 
flume  traction  and  those  of  stream  traction. 

The  discrimination  of  traction  .and  suspen- 
sion, usually  easy  in  the  experiments  with 
stream  transportation,  was  difficult  in  the 
flume  work.  The  zone  of  saltation  grew 
deeper  with  progressive  increase  of  slope  until 
it  occupied  the  whole  depth  of  the  stream. 
Further  increase  of  slope,  with  increase  of  load, 
made  the  cloud  of  particles  denser,  but  there 
seemed  no  way  of  teUing  when  the  conchtion 
became  that  of  a  flowing  mixture  of  water 
and  sand. 

COLLECTrVE  MOVEMENT. 

To  the  general  fact  that  in  flume  traction 
the  particles  of  the  load  either  roU  or  sUde  in 
continuous  contact  with  the  fixed  bed  or  else 
skip  from  point  to  point  along  it,  there  are  two 
noteworthy  exceptions. 

When  the  transported  debris  includes  par- 
ticles wliich  are  small  compared  to  the  projec- 
tions constituting  the  rougliness  of  the  bed, 
some  of  the  debris  finds  lodgment  among  the 
projections.  The  roughness  of  the  bed  is  thus 
diminished  and  the  process  of  transportation 
is  modified.  The  bed  conies  to  be  constituted 
in  part  of  the  fixed  summits  of  projections  and 
in  part  of  mobile  debris,  and  the  process  be- 
comes a  blentUng  of  flume  traction  proper  and 
stream  traction.  T\lien  such  conditions  existed 
in  the  experiments  it  was  found  that  the  capacity 
was  essentially  that  due  to  stream  traction. 

1  The  formula  given  by  W.  J,  M.  Rankine,  in  his  "  Applied  mechanics  " 
and  elsewhere,  for  the  rolling  resistance  of  a  wheel  is  ]i=-\a+b{v—3.28)\ 
where  R  is  resistance,  Q  gross  load,  r  radius  of  wheel,  v  velocity  in  ft./sec, 
and  a  and  b  constants.  The  experimental  values  of  a  and  b  are  such  as  to 
give  velocity  only  a  moderate  influence  on  the  resistance. 
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The  second  exception  is  a  phenomenon  of 
rhythm.  It  is  probable  that  the  rate  of  flume 
traction  is  always  affected  by  rhythm,  just  as 
is  that  of  stream  traction,  and  the  rhythm  in 
load  imphes  a  rhythm  in  efSciency  of  current. 
Under  certain  conditions,  of  which  the  most 
important  is  small  slope,  the  rhj'thm  is  mani- 
fested by  the  making  of  a  local  deposit  from  tlie 
load,  a  patch  of  debris  appearing  on  the  bed  of 
the  trough.  Such  a  patch  travels  slowly  down- 
stream, being  succeeded  after  an  interval  by 
another.  With  suitable  variation  of  conditions 
the  patches  become  more  numerous,  are  regu- 
larly spaced,  and  occupy  a  greater  share  of  the 
bed  surface.  They  may  even  exceed  the  in- 
terspaces in  area.  When  wide  apart  they 
are  usually  shaped  in  gentle  slopes,  but  as  their 
ranks  close  they  assume  the  profiles  of  dunes, 
with  steep  frontal  faces. 

The  advance  of  the  debris  patches  is  like  that, 
of  ty])ical  dunes,  in  that  the  upstream  slopes 
are  eroded  while  the  downstream  slopes  are 
aggraded;  and  in  this  way  theii-  travel  is  a 
factor  in  debris  transportation.  It  does  not, 
however,  become  the  dominant  factor,  as  in 


the  dune  phase  of  stream  traction.  There  is 
always  a  large  share  of  the  load  which  passes 
over  the  deposits  without  being  arrested  and 
continues  its  journey  across  the  intervening 
bare  spaces. 

In  this  rhythmic  process  there  is  a  combina- 
tion of  elements  belonging  distinctively  to 
flume  traction  and  to  stream  traction,  and  it  is 
possible  that  the  process  constitutes  a  transition 
from  one  system  to  the  other ;  but,  so  far  as  de- 
veloped by  the  experiments,  it  appears  as  a 
phase,  a  rhythmic  phase,  of  flume  traction.  The 
slopes  with  which  it  was  associated  were  much 
flatter  than  those  necessary  to  carrj-  the  same 
load  by  the  method  of  stream  traction. 

TABLE    OF    OBSERVATIONS. 

In  the  following  table  the  data  are  arranged 
primarily  by  character  of  bed  surface  and  sub- 
ordinately  by  width  of  chamiel,  discharge, 
grade  of  debris,  and  slope  of  channel  bed. 
The  characters  of  bed  surface  are  iUustrated  in 
Plato  III.  Load  is  given  in  grams  per  second, 
width  in  feet,  discharge  in  cubic  feet  per  second, 
and  slope  in  percentage. 


Table  67. — Observations  on  flume  traction,  showing  the  relation  of  load  to  slope  and  other  conditions. 
a.  Over  a  surface  of  wood,  planed  and  painted. 


„ 

Q 

S 

Value  of  L  for  grade 

- 

(C) 

(E) 

(G) 

(H) 

(I) 

(J) 

(E,G,) 

(EjHiT,) 

(EaHJaJ.) 

1.00 
1.91 

0.363 

.734 

.363 
.736 

0.32 
.50 

LOO 
1.28 
1.50 
1.93 
2.00 
2. 50 
2.77 
3.00 
3.41 
3.93 
4.01 
4.03 
4.50 
.32 
.50 
.75 
1.00 
1.28 
1.50 
1.93 
2.00 
2.50 
2.77 
3.00 
3  41 
3.93 
4.01 
4.0J 
4.50 
.75 
1.28 
1.93 
2.77 
3.44 
.75 
1.28 
1.93 
2.77 
3.44 

9.1 

6.1 

6.1 

28 

58 

50 

55 

95 

138 

.  117 

154 

107 

126 

248 

166 

294 
294 

183 
202 

199 

243 
268 
453 
384 

438 
524 

334 

271 
342 

397 

406 

"see"' 

318 
366 
444 

360 
386 
479 

636 

625 

484 

783 

793 

1,092 

1.025 

850 
"22.'8" 

, 

1,095 

622 

660 
20.5 

G85 
18.1 

801 

OS 

120 

98 

110 

179 

315 

335 

261 

212 

219 

297 

"biil" 

3-'2 
381 

348 

449 
474 
899 
721 
814 
976 

. 

660 
1,248 

778 
570 

427 

909 

949 

1,075" ■■ 

590 
640 

771 

580 
726 
765 

1,170 

1,595 

790 

1,557 

1,730 

2,360 

1,980 

2,480 

1,278 

"49"" 
110 
230 

'isi'  ■ 

282 
432 

1,081 
41.6 
103 
193 
324 
439 
114 
222 
368 
641 
857 

1,127 
58 
117 
222 
392 
471 
147 
248 
430 
725 
846 

1.468 
30 
137 
255 
463 
,569 
115 
325 
601 
799 





1 

1 

' 1 
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Table  67 .—Observations  on  flume  traction,  showing  the  relation  of  load  to  slope  and  other  conditions— Continued. 
b.  Over  a  surface  of  wood,  rough-sawn,  unplaned,  and  unpalnted. 


» 

Q 

S 

Value  of  i  lor  grade— 

(E) 

(G) 

(H) 

CD 

(J) 

(EiHiIi) 

1.00 

0.363 
.734 

1.07 
1.88 
2.U 
2.20 
2.88 
3.09 
3.81 
4.15 
1.07 
1.88 
2.11 
2.20 
2.88 
3.09 
3.81 
4.15 



186 

133 

141 

178 

355 

304 

247' 

284 

342 

515 

609 

358 

390 

526 

813 

930 

,S81 
302 

269 

313 

343 

648 

632 

461 

513 

545 

982 

1,558 

1,550 

673 

720 

772 

1,605 

2,140 

1,665 

c.  Over  a  surface  of  rectangular  wood  blocks,  with  grain  verticaL 


» 

Q 

S 

Value  of  i  for  grade— 

(E) 

(H) 

(I) 

(J) 

(EsHiIj) 

(E3H2I3J!) 

1.00 

0.  734            2. 00 
3.00 
4.00 

315 
580 
911 

337 

693 

1,026 

561 

962 

1,497 

750 
1,397 
2,060 

620 
1,089 
1,660 

789 
1,360 
2,020 

d.  Over  a  pavement  of  sand  grains,  grade  (G),  set  in  cement,  the  debris  being  also  of  grade  (G). 


w 

Q 

s 

L 

1.00 

0.383 

1.00 

12.x 

2.00 

71 

3.00 

175 

4.00 

317 

.734 

1. 00 

61.2 

2.00 

214 

3.00 

413 

4.00 

656 

e.  Over  a  pavement  of  pebbles,  grades  (H)  and  (I),  set  lu  cement. 


w 

Q 

s 

Value  of  L  for  grade— 

(E) 

(G) 

(H) 

125 
273 
483 

(I) 

(J) 

(EiGi) 

(EsHiW 

(E,HAJ-) 

1.00 

0.734 

2.00 
3.00 
4.00 

225 
425 
630 

144 
316 
531 

190 
483 

228 
636 
992 

196 
401 

605 
1,059 

471 

714 

ADJUSTMENT   OF   OBSERVATIONS. 


FORMULATION. 


In  flume  traction,  as  in  stream  traction, 
there  is  a  finite  slope — competent  slope — cor- 
responding to  the  zero  capacity.  An  inspec- 
tion of  the  observational  data  by  plotting 
served  to  show  that  they  could  advantage- 
ously be  adjusted  by  means  of  the  formula 
based  on  the  theory  of  competent  slope: 


C=b,{S-a)'' 


.(10) 


Forty-two  observational  series  were  found  to 


give  information  as  to  the  value  of  a.  Of  these, 
26  indicated  positive  values,  three  negative, 
and  the  remainder  values  so  small  as  to  be  of 
uncertain  sign.  The  mean  of  the  42  values  is 
+  0.29  per  cent  of  slope.  Eleven  could  be 
compared  dh'ectly  with  values  adopted  in  the 
adjustments  of  stream  traction  data,  the  mean 
of  the  eleven  values  being,  for  flume  traction 
on  a  smooth  su'rface  +0.14  per  cent,  and  for 
stream  traction  +0.28  per  cent.  This  differ- 
ence is  consonant  with  observed  differences  in 
competent  slope  for  the  two  modes  of  traction. 
With  the  aid  of  this  information,  and  with  use 
of  considerations  connected  with  modifications 
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of  tl\c  mode  of  flume  traction  by  rough  sur- 
faces, but  here  omitted,  a  scheme  of  values  of  a 
for  the  observational  series  of  Table  67  was 
made  out.  The  adjustments  were  then  made, 
by  the  graphic  methods  described  in  Chapter 
II;  and  their  results  appear  in  Table  68.  The 
same  table  records  the  parameters  of  the  adjust- 
ing equations,  and  also  the  probable  errors. 


Xo  adjusted  values  are  given  for  grade  (I) 
in  the  first  division  of  the  table,  for  the  reason 
that  the  data,  although  apparently  based  on 
good  observations,  are  strongly  discordant. 
The  observations  were  retained  in  the  record 
because  an  aberrant  fact,  if  established,  may 
prove  peculiarly  valuable;  but  in  this  case  the 
interpretation  has  not  been  discovered. 


Table  68. —  Values  of  capacih/  for  Jhiine  trnction,  adjustec!  in  relation  to  slope  of  channel. 
a.  Traction  over  a  surface  of  wood,  planed  and  painted. 


. 

Q 

S 

Value  of  Cfor  grade— 

(C) 

(E) 

(G) 

(H) 

(I)              (J) 

(EiC) 

(EjHiIj) 

(EjHjIaJj) 

1.00 

0.363 

0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 

28 
93 
1S6 
300 
435 
590 
760 
945 

25.5 

74 
134 
205 
283 
366 
453 
553 
654 

25 
87 
158 
234 
315 
398 
486 
575 
665 

29 
93 

no 

255 
350 
450 
558 
666 

138 
266 
410 
568 
732 
910 
1,085 

117 
254 
408 
580 
763 
955 
1,155 

254 
350 
451 
558 
666 
780 

625 

860 

1,085 



Probable  error  (per  cent) 

2.9 

3.7 

0.S 

1.1 

1.3 

1.8 

1.2 

Parameters  of  adjusting]'"  ■  ■ 
equations.                    U^y 

0.04 
1.63 
100 

0.06             0.25 
1.40             1.16 
80               122 

0.35 
1.22 
138 

1.80 
.96 
520 

0.15 
1.30 

0,25 
1.29 
199 

0.40 
1.28 
223 

"' 

u, 

Q 

S 

Value  of  C  for  grade— 

(C)              (E) 

(G) 

(H) 

(I) 

(J) 

(EiG.) 

(EzHiIj) 

(EsHAJj) 

1. 00 

0.734 

0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 

46                 54 
177               145 
345     1          25S 
54S               3S2 

50 

151 
268 
393 
527 
668 
815 
965 
1,113 

65 
179 
310 
453 
610 
770 
940 
1,108 

336 

592 
870 
1,160 
1,465 
1,790 
2,120 

335 
635 
970 
1,310 
1,675 
2,060 
2,450 

338 

470 

645 

830 

1,027 

1,235 

1,450 

790 
1,220 
1,630 
2,030 
2,430 

790 
1,050 
1,360 
1,700 

518 
665 
820 
985 
1,150 

653 

910 

1,170 

1,440 

Probable  error  (per  cent) 

2.1 

1.8 

1.7 

0.7 

0.7 

1.7 

2.7 

0.7 

Parameters  of  adjustingf' • ' ' 
equations.                    K^' '  ■ 

0. 03             0. 04 
1.60             1.35 
185               154 

0.16 
1.20 
187 

0.22 
1.29 
221 

0.65 
1.01 
470 

1.20 
.90 
965 

0.10 
1.24 
202 

0.16 
1.20 
415 

0.28 
1.21 
500 

. 

Q 

S 

Value  of  C  for  grade— 

w 

Q 

S 

Value  of  C  tor  grade— 

(C) 

(E) 

(G) 

(H) 

(C) 

(E) 

(G) 

(H) 

1.91 

0.363 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 

— 
145 
224 

69 
130 
200 
281 
370 

85 
160 
241 
328 
415 

75 
171 
275 
381 
491 
602 

1.91 

0.734 

1.0 

1.5 
2.0 
2.5 
3.0 
3.5 

197 
324 
459 

158 
281 
415 
560 
720 
880 

185 
320 
460 
607 
755 
910 

204 
378 
550 
730 
915 
1,095 

Probable  error  (pe 

0.5 

3.0 

1.5 

Probable  error  (per  cent) 

1.4 

3.3 

2.4 

Parameters  of  adjusting  '■■■ 
equations '  i*"' 

0.07 
1.44 
86 

0.10 
1.42 
80 

0.30 
1.16 
130 

0.55 
1.09 
182 

Parameters  of  adjusting]",-  ■ ' 
equations U^" " " 

0.05 
1.16 
210 

0.08 
1.30 
176 

0.20 
1.12 
238 

0.35 
1.06 
322 
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b.  Traction  over  a  surface  of  wood,  rough-sawn. 
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c.  Traction  over  wood  blocks  with  grain  verticaL 


0.734 


Value  of  C  for  grade— 


(E) 

313 
442 
5S3 
740 
900 


(H) 


(I) 


1,245 
1,500 


730 
1.090 
1,415 
1,740 
2,040 


(EiH.Is) 


(EsHjIjJ,) 


1,110 
1,375 
1,660 


1.075 
1,390 
1,700 
2,010 


Parameters  of  ailjustingj'^ 
equations. 


0.10 
1.48 
I61..      123 


d.  Traction  over  pavement  of  sand  grains,  grade  (G). 


S 

Value  of  C. 

Q=0.363 

Q=  0.734 

1.00 

1.0 

11 
36 

fil 
131 

72 

215 

119 

310 

175 

413 

■•i.i 

240 

525 

__i_Jl 

311 

Parameters  of  ad-  p . . . 

0.60 

0.30 

justmg      equa-^n.. 
tions.                 loi- 

36 

101 

Probable  error   (per 

1.1 

0.1    ' 
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Table  68. —  ^'alues  of  capacily  for  flume  traction,  adjusted  in  relation  to  slope  of  channel — Continued. 
e.  Traction  over  pavement  of  pebbles,  grades  (H)  and  (I). 


w 

e 

S 

^'alue  of  C  lor  grade— 

(E) 

(G) 

(H, 

(I) 

(E,G,) 

(EjH,!,) 

(EaHjIaJs) 

1.00 

0.734 

2.0 
2.5 
3.0 
3.5 
4.0 

220 
313 
416 
529 
650 

143 
220 
310 
412 
622 

122 
192 
272 
363 
460 

200 
325 

460 
600 
740 

250 
420 

605 

800 

1,015 

209 
290 
393 

605 

830 

1,060 

Parameters  of  adjusting!^" " ' 
equations.                    |^" 

0  10 
1.50 
84 

0.40 
1.60 
67 

0.55 
-'1.52 
68 

1.00 
1.65 
65 

1.00 
1.19 
200 

1.00 
1.26 
250 

1.20 

1.28 
2S0 

PRECISION. 


traction    it    is    subject    to    rhythmic    fluctua- 
tions. 

DISCUSSION. 


Probable    errors    were    computed    from    the 
residuals    of    25    series,    the    residuals    beiiiar 

,              , ,            ,    ,                                .                    m  CAPACITY    .\XD    CHANNEL    BED. 

measured  on  the  plots  as  percentages.      Ihe 

greatest  probable  error  computed  for  a  series  Data  illustrating  the  influence  of  the  character 

of  adjusted  values  of  capacity  is  ±4.6  per  cent,  of  the  channel  bed  on  the  quantity  of  debris 

and  their  average  is  ±  1 .3  percent.    The  aver-  which  a  stream  can  transport  have  been  as- 

age  of  the  25  determinations  of  the  probable  sembled  in  Table  69.    They  are  taken  chiefly 

error  of  an  observation  is  ±3.8  per  cent.    The  from  the  preceding  table,  but  a  few  items  arc 

residuals  number  139,  and  their  average  value,  from  Table  72  and  Table  12.     A  single  item, 

which  also  is  a  measure  of  the  precision  of  the  marked  as  interpolated,  is  based  on  a  combi- 

observations,  is  ±4.3  per  cent.  nation  of  data  from  Tables  68  and  72.     They 

A  comparison  of  these  measures  with  those  pertain  to  all  the  simple  grades  and  mixed 

obtained  from  the  data  for  stream  traction  grades  with  which  experiments  were  made  in 

shows   that   the   flume-traction   data   are   de-  flume  traction;  and  stream  traction  is  repre- 

cidedly  the  more  harmonious.     The  average  sented,  so  far  as  possible,  by  coordinate  data, 

residual  is  more  than  twice  as  great  for  stream  Comparisons  are  made  for  slopes  of  2  and  3  per 

traction  as  for  flume.     Part  of  this  difl'erence  cent  and  discharges  of  0.363  and  0.734  ft.^/sec. 

may  be  due  to  the  fact  that  the  experiments  The  gi-eatest  capacity  is  in  each  case  asso- 

wdth  flume  traction  came  last   and  had  the  ciated  with  the  smoothest  of  the  tested  channel 

benefit  of  previous  experience,  but  it  is  to  be  beds,  tlie  surface  being  that  of  a  plank,  planed 

ascribed  chiefly  to  the  fact  that  in  flume  trac-  and  painted,  with  the  grain  running  parallel 

tion   the    slope   is   constant,    while   in   stream  to  the  current. 

Table  G')  .^Comparison  of  capacities  for  flume  traction  associated  u-ith  different  characters  of  channel  bed. 

[Width  of  trough,  1  toot.] 


S 

Character  of  channel  bed. 

Value  of  C. 

Q 

Simple  grades. 

Mixtures. 

(B) 

(C) 

(E) 

(0) 

(H) 

(I) 

(J) 

(EiG,) 

(EjHiIO 

(EsHjIjJ.) 

0.363 

2.0 
3.0 
2.0 

3.0 

388 

300 

205 
145 

234 
160 

45 
398 
285 
175 
120 
393 
331 

""2i5' 

143 

145 

.     668 

640 

254 
195 

364 
249 

410 
341 

Dfibris 

268 

245 

115 

366 
259 

.363 

451 
366 

600 
600 

732 
682 

.734 

54S 

382 
290 
313 

470 
354 
364 

711 
633 
640 

793 

453 

870 
660 
613 

970 

.Saw-n  wood 1 

Wood  block 

73J 

780 

Gravel  pavement 

220 
222 
665 
495 
583 

122 

200 

250 

Debris 

433 

.734 

830 
570 
673 

[1,060] 

970 

1,008 

1,630 
1,490 
1,415 

770 

1,465 
1,150 
1,110 

Sawn  wood 

Wood  block., 

1  390 

272 

209 

460 

60S 
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Xcxt  in  order  are  two  varieties  of  uuplaned 
wooden  surface;  the  first  being  that  of  boards 
or  planks,  j^aiallel  to  the  current,  retaining  the 
roughness  left  by  the  saw;  the  second  a  pave- 
ment made  by  sawing  planks  of  Oregon  pine 
into  short  equal  blocks  and  setting  them  on 
edge.  Both  these  sui'faces,  as  well  as  those 
described  below,  are  illustrated  in  Plate  III. 
These  two  varieties  proved  to  have  approxi- 
mately the  same  properties  in  respect  to  trac- 
tion, and  the  capacities  associated  with  them 
are  23  per  cent  less  than  those  for  planed 
lumber.  The  range  in  ratio  is  not  large  for 
the  different  experiments,  and  the  value  given 
may  be  taken  as  a  constant  representing  the 
diflerence  in  cfRciency  between  new  unplaned 
and  planed  wooden  flumes. '  The  difference 
tends,  however,  to  cUminish  with  wear,  the 
unplaned  lumber  becoming  smoother  and  the 
planed  rougher. 

The  next  grade  of  roughness  was  given  by 
coarse  sand — debris  of  grade  (G) — set  in 
cement,  so  as  to  constitute  a  pavement  re- 
sembling sandpaper.  The  only  material  run 
over  this  was  debris  of  the  same  grade,  the 
special  purpose  being  to  compare  flume  trac- 
tion witli  stream  traction — the  concHtioa  of 
fixed  bed  with  that  of  mobile  bed — when  the 
degree  of  roughness  is  the  same.  The  experi- 
ments gave  the  streams  50  per  cent  greater 
capacity  when  sweeping  the  debris  over  the 
fixed  bed  than  when  moving  it  at  the  same 
slope  by  the  method  of  stream  traction. 

The  sand  pavement  gives  capacities  half  as 
great,  on  the  average,  as  the  surface  of  planed 
lumber,  but  the  contrast  is  stronger  for  the 
smaller  discharge  and  lower  slope  and  less 
marked  for  the  larger  discharge  and  steeper 
slope. 

Tlie  roughest  surface  used,  a  pavement  of 
pebbles  prepared  by  setting  in  cement  a  mix- 
ture of  grades  (H)  and  (I),  gave  still  lower 
capacities.  These  range  from  20  to  62  per 
cent  of  the  corresponding  capacities  given  by 
planed  lumber.  The  obstructing  influence  of 
the  rough  bottom  is  most  strongly  manifested 
when  the  material  transported  has  a  coarseness 
corresponding  to  the  texture  of  the  pavement. 
For  finer  material  its  roughness  is  mitigated  by 
the  lodgment  of  debris,  which  has  the  effect  of 
establishing  a  pavement  of  the  finer  material. 

Tlie  word  "debris"  in  the  table  indicates  a 
channel   bed   composed    of   loose   debris,    the 


debris  in  transit,  and  the  associated  process  is 
that  of  stream  traction.  The  available  data 
afford  comparison  only  for  the  four  finer 
grades,  (B),  (C),  (E),  and  (G),  the  grades 
which  would  be  designated  sand.  Each  com- 
parison, with  an  apparent  exception  to  be 
considered  immediately,  shows  stream  trac- 
tion to  be  less  efficient  than  flume  traction. 
When  stream  traction  is  compared  with  flume 
traction  over  a  smooth  siu-face,  the  obseived 
ratio  of  efficiency  ranges  from  19  to  88  per 
cent,  the  smaller  ratios  being  associated  with 
the  coarser  grades  of  debris. 

The  exception  occurs  when  capacity  over  a 
bed  of  debris  is  compared  with  cajiacity  over 
a  pavement  of  pebbles,  the  two  capacities 
being  found  to  be  the  same.  The  cases  which 
afford  tliis  comparison  are  for  grades  (E)  and 
(G),  and  these  fine  materials,  by  filling  the 
hollows  of  the  pavement,  create  a  condition  of 
bed  in  which  stream  traction  dominates.  The 
comparison  is  really  between  normal  stream 
traction  and  stream  traction  modified  by  the 
appearance  of  crests  of  fixed  pebbles  in  the 
channel  bed.  In  harmony  with  this  interpreta- 
tion is  the  fact  that  capacities  for  stream  trac- 
tion and  for  traction  over  the  gravel  pavement, 
when  compared  severalh^  with  capacity  for  trac- 
tion over  smooth  wood,  both  show  contrasts 
which  increase  with  coarseness  of  the  load. 

The  important  general  facts  brought  out  by 
the  comparisons  are  (1)  that  with  a  given  dis- 
charge, chamiel  width,  and  slope,  the  process 
of  flume  traction  is  able  to  transport  more 
debris  than  that  of  stream  traction,  and  (2)  that 
a  stream's  capacity  for  flume  traction  varies 
inversely  with  the  roughness  of  the  flume  bed. 

The  first  of  these  principles  serves  to  explain 
certain  phenomena  of  clogguig.  When  there 
is  fed  to  a  flume  a  load  greater  than  its  stream 
is  able  to  transport,  a  portion  is  deposited. 
This  changes  the  character  of  the  bed  in  such 
a  way  as  to  substitute  stream  traction  for 
flume  traction.  Stream  traction,  being  less 
efficient,  can  carry  still  less  load,  and  a  larger 
fraction  is  deposited.  If  the  conditions  re- 
main unchanged  the  bed  is  built  up  until  its 
slope  becomes  that  necessary  to  carry  the  en- 
tire load  by  stream  traction.  Unless  the  trough 
is  deep  or  short,  overflow  results. 

^\nien  clogging  is  initiated  by  a  temporary 
overloacUng,  the  stream  loses  power  to  carry  its 
normal   tractional  load,    and   deposition   con- 
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tinues  uiJess  the  load  is  reduced  considerably 
below  the  normal.  In  practical  operations 
the  first  step  toward  the  abatement  of  a  clog 
is  te  stop  all  feeding  of  load  above  the  deposit, 
that  the  stream  may  be  able  to  take  on  load 
and  thereby  reduce  the  deposit. 

CAPACITY    AND    SLOPE. 

The  rate  at  which  capacity  for  flume  traction 
is  increased  by  mcrease  of  slope  is  contained 
implicitly  in  the  values  of  ri  and  a  assembled  in 
Table  68;  for  n  gives  the  rate  of  variation  of 
capacity  with  S  —  a,  and  the  instantaneous  rate 
of  variation  of  capacity  with  slope  is  given  by 


nS 


All  the  tabulated  values  of  n  except 


two  are  greater  than  unity;  and  in  each  of  the 
cases  where  n  is  less  than  unity  all  values  of  i^ 
computed  for  the  range  of  slopes  covered  by  the 


experiments  are  greater  than  unity.  The  gen- 
eral fact  is  thus  indicated  that,  withm  the  prac- 
tical range  of  conditions,  capacity  increases 
with  slope  in  more  than  simple  ratio.  Effi- 
ciency also  increases  as  slope  increases. 

The  sensitiveness  of  capacity  to  changes  in 
slope  varies  with  changes  of  condition;  and  this 
variation  might  be  illustrated,  as  in  treating  of 
stream  traction,  by  the  tabulation  and  discus- 
sion of  values  of  the  index  of  relative  variation, 
ii.  It  wiU  suffice,  however,  in  this  case  to 
make  comparisons  by  means  of  the  synthetic 
index,  I^.  Table  70  contains  values  of  that  in- 
dex computed  between  the  limits  of  S'  =  2.0  and 
/S'  =  3.5.  They  represent  42  of  the  51  series  of 
values  given  in  Table  68,  the  other  nine  series 
not  having  sufficient  range  for  the  computa- 
tion. The  arithmetical  mean  of  the  42  values 
of  /,  is  1.46,  and  the  range  is  from  1.08  to  2.08. 


Table  70. —  Values  of  I,^  for  flume  traction,  computed  between  the  limits  S=2.0  and  S=3.5. 


Q 

Character  of  channpl  bed. 

Value  of  h. 

» 

Simple 

grades. 

Mixtures. 

(C) 

(E) 

(G) 

(H) 

(I) 

(J) 

(E,GO 

(EiH.l!) 

(E3H.I3J.) 

0.363 
.734 

.363 
.734 

1.66 

1.44 
1.43 
1.37 
1.30 
1.54 

1.30 
1.42 
1.30 
1.20 

1.41 
1.54 
1.40 
1. 17 
1.56 

1.40 

1.42 
1.32 
1.29 
l.OS 
1.44 

1.52 

1.66 

1.66 

1.69 

1.30 

1.35 

i.27 
1.49 

1.55 

1.39 

1.60 

1.89 
1.32 
1.22 

1.56 
1.50 
1.34 

i.95 
1.40 
1.23 

1.96 

2.08 

1.91 

i 

Inspection  of  these  data  shows,  first,  that 
the  values  are  always  greater  for  Q  =  0.363 
than  for  Q  =  0.734.  The  experiments  deal 
with  no  other  discharges,  but  it  is  probably 
true  in  general  (as  in  case  of  stream  traction) 
that  increase  of  discharge  is  accompanied  by 
decrease  of  the  sensitiveness  of  capacity  to 
slope. 

If  the  index  varies  in  a  systematic  way  with 
fineness  of  debris,  its  increase  is  connected 
with  decrease  of  fineness,  but  the  finest  debris 
of  the  table,  (C),  carries  large  values  of  the 
index.  The  apparent  conflict  of  evidence  has 
its  parallel  in  the  fuller  data  for  stream  trac- 
tion (see  p.  108  and  fig.  34),  and  it  is  possible 
that  the  sensitiveness  increases  in  two  direc- 
tions from  a  minimum  value.  Its  variation 
might  in  that  case  be  connected  with  the  law 
relating  capacity  to  fineness,  as  brought  out  in 
a  later  section. 


Tlie  relation  of  the  index  to  roughness  of  bed 
does  not  follow  a  simple  law.  Its  values  are 
in  general  least  for  the  bed  of  rough  lumber  and 
progressively  gi-eater  for  planed  lumber,  wood 
blocks,  and  gravel  pavement. 

The  greater  sensitiveness  of  capacity  to  slope 
when  the  channel  bed  is  a  coarse  pavement 
may  be  connected  with  the  fact  that  the  mode 
of  transportation  over  such  a  bed  is  approxi- 
mately stream  traction;  and  tliis  suggests  that 
in  flume  traction  the  sensitiveness  may  be  less 
than  in  stream  traction.  Direct  comparison 
can  not  be  made  with  use  of  the  values  of  I^ 
in  Table  70,  because  the  slopes  used  in  stream 
traction  experiments  have  less  range;  but  spe- 
cial computations  were  made,  so  far  as  the  data 
were  found  to  overlap.  The  results  are  con- 
tained in  Table  71  and  indicate  that  the  sensi- 
tiveness is  greater  for  stream  traction  than  for 
flume  traction  over  a  smooth  bed,  in  case  of 
grades  (E)  and  (G) ,  but  less  in  case  of  grade  (C) . 
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Table  71. — Comparison  of  values  of  Ii  for  flume  traction 
over  a  bed  of  planed  wood,  with  corresponding  values  for 
stream  traction. 


Width 

of  trough 

(feet). 

Grade  of 
debris. 

Dis- 
charge 
(ft.s/sec.). 

Limiting 

vaiues  of 

slope  (per 

cent). 

Zlfor 

flume 

traction. 

hlor 
stream 
traction. 

1.00 

(C) 

(E) 
(G) 

0.363 
.734 
.363 
.734 
.363 
.734 

0.5-2.0 
.5-2.0 
.5-2.0 
.5-2.0 
2.O-3.0 
1.0-2.0 

1.71 
1.79 
1.50 
1.41 
2.27 
1.38 

1.00 
1.46 
1,99 
1.6.5 

2.42 

Various  qualifications  and  doubts  being 
omitted,  the  preceding  paragraphs  may  be 
generalized  by  saying  that  the  sensitiveness  of 
capacity  to  slope  is  somewhat  less  h\  flume 
traction  than  in  stream  traction.  It  varies  in 
both  directions  from  a  mean  value  expressed 
by  the  exponent  1.5,  being  greater  as  the  slojje 
is  less,  as  the  discharge  is  less,  as  the  fineness 


is  less,  and  as  the  channel  bcMl  is  rougher. 
Efficiency  for  flume  traction  increases  with 
slope. 

CAPACITY    AND    DISCHARGE. 

Special  series  of  experiments  were  made  to 
determine  the  variation  of  capacity  with  dis- 
charge. In  each  series  the  conditions  of  slope, 
width,  and  grade  of  debris  were  kept  constant 
and  the  discharge  was  varied.  The  observa- 
tions are  given  in  Table  72,  and  the  same  table 
contains  the  adjusted  values  of  capacity,  to- 
gether with  the  parameters  of  the  adjusting 
equations.  Inspection  of  logarithmic  plots 
showed  the  propriety  of  adjusting  by  means  of 
the  formula  used  with  the  data  for  stream 
traction, 

C=i,(Q-K)o (64) 

and  the  computations  were  graphic. 


Table  72. — Observations  and  adjusted  data  illustrating  the  relation  of  capacity  for  flume  traction  to  discharge,  for  a  rectangular 

flume  of  planed  wood  1  foot  wide. 


[L 

observed  load;  C,  adjusted  value  of  capacity 

Q,  discharge.] 

2  per  cent. 

3  per 

;ent. 

(B) 

(E) 

(H) 

(I) 

(EjHiIj) 

(E) 

(H) 

(I) 

(EsHiI.) 

Q 

X 

L 

^ 

L 

L 

L 

L 

L 

L 

0.039 
.093 
.1X2 
.363 
.545 
.734 

28.0 

79 
169 
366 
5S0 
785 

25.0 
128 
228 
446 
635 
914 

54.5 
151 
388 
619 

50.6 
272 
567 
922 
1,170 

% 
202 
322 
446 

136 
268 

417 
546 

110 
385 

528 
738 

144 
397 
617 
907 

325 

718 
1,147 
1,550 

Parameters  of  adjusting  equations  . . 

u 

0.002 
1.34 
1.430 

0.9 

0,007 
1.09 
030 

0.2 

0.040 

.ss 

760 
0.4 

0.140 
.68 
1,000 

0.9 

0.060 
1.03 
1.345 

0.5 

0.004 
1.10 
1,125 

0.3 

0.025 

.88 
1,173 

l.l> 

0.080 
.79 
1,6.t0 

0.7 

O.>040 

.88 
2,220 

Q 

C 

C 

c 

C 

C 

C 

c 

c 

r 

1  0.039 
.093 
.182 
.31)3 
.545 
.734 

28 
79 
109 
364 
572 
795 

27 
lOS 
230 
450 
670 
870 

58 
145 
371 
640 

53 

270 

600 

880 

1,170 

95 
205 
322 

445 

134 
279 
415 
549 

116 
364 

548 
711 

146 
384 
627 
890 

325 

730 
1,130 
1,350 

Several  values  of  capacity  in  Table  72  agree 
as  to  conditions  with  values  in  Table  68,  and 
these  values  would  be  identical  if  the  experi- 
ments were  homogeneous.  A  comparison 
shows  that  tlie  values  given  by  the  experiments 
comparing  capacity  and  discharge  are  in  gen- 
eral the  greater,  the  average  difference  being 
6  per  cent.  This  is  evidently  of  the  nature  of 
systematic  error  and  is  probably  connected 
with  some  change  in  apparatus  or  in  detaU  of 
20921°— No.  86—14 14 


experimental  method  which  occurred  between 
the  making  of  the  two  groups  of  experimental 
series. 

The  sensitiveness  of  capacity  to  charges  of 
discharge  varies  with  conditions.  It  is  greater 
as  the  discharge  is  less,  as  the  slope  is  less,  and 
as  the  channel  bed  is  rougher.  It  is  relatively 
great  for  the  coarsest  and  finest  of  the  debris 
used  and  less  for  intermediate  grades.  Un- 
der similar  conditions  it  is  less  for  flume  trac- 
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tion  than  for  stream  traction.  Expressed  as 
an  exponent,  I^,  its  average  value  for  the  range 
of  the  experiments  recorded  in  Table  72  is  1 .26. 
Values  of  /g  were  also  obtained  from  data  in 
Table  68  by  comparing  the  capacities  for  Q  = 
0.363  ft.^sec.  with  those  for  ^  =  0.734  ft.Vsec; 
and  the  mean  of  such  values  is  0.97.  These 
mean  values  are  not  necessarily  inconsistent, 
for  the  synthetic  index  varies  with  the  range  in 
discharge  for  which  it  is  computed  and  is  lower 
as  the  discharges  are  higher;  but  a  study  of  in- 
dividual values  shows  that  under  identical  con- 
ditions the  data  of  Table  68  give  the  lower  esti- 
mates of  sensitiveness.  The  data  as  a  whole 
indicate  that,  for  the  range  of  conditions  real- 
ized in  the  experiments,  the  average  value  of 
the  exponent  expressing  sensitiveness  to  dis- 
charge is  1.2.  There  can  be  no  cjuestion  that 
for  the  larger  discharges  used  it  falls  below 
unity. 

As  the  sensitiveness  of  the  duty  of  water,  and 
also  the  efficiency,  to  discharge  is  expressed  by 


an  exponent  which  is  less  by  unity  than  the 
corresponding  exponent  for  the  sensitiveness  of 
capacity  to  discharge,  it  follows  that  duty  and 
ofRcioncy  vary  little  with  discharge.  In  general 
they  gain  slightly  with  increase  of  discharge, 
but  they  lose  when  the  discharge  or  slope  is 
relatively  large.  This  accords  with  a  result 
obtained  by  G.  A.  Overstrom,'  who  found  from 
experiments  with  launders  that  duty  rose  with 
increase  of  depth  to  a  limited  extent  only. 

CAPACITY    AND    FINENESS. 

In  Tables  68  and  72  the  values  of  capacity 
standing  m  any  horizontal  line  constitute  a 
series  illustratmg  the  variations  which  are  re- 
lated to  grades  of  debris,  and  if  those  in  the 
columns  for  mixtures  be  excepted  they  illus- 
trate the  relations  of  capacity  to  fineness. 
Table  73  contains  a  selection  of  data  from  those 
tables,  together  with  a  single  line  taken  from 
Table  69. 


Table  73. — -Values  of  capacity  for  flume  traction,  illustrating  the  control  of  capacity  by  fineness  of  debris. 


Character  of  channel  bed. 

w 

Q 

S 

Value  of  C  for  grade — 

(B) 

(C) 

(E) 

(C3) 

(H) 

(I) 

(J) 

1.91 
1.00 
1.00 
1.00 
1.00 

1.00 
1.00 
1.00 
1.00 

0.734 
.363 
.363 
.734 
.734 

.734 
.734 
.734 
.363 

2.0 
2.0 
3.0 
2.5 
3.0 

3.0 
3.0 

459 

415 
202 
366 
518 
665 

495 
583 
418 
115 

460 

5.';o 

268 
451 
645 
830 

570 
673 
273 

388 

383 

590 

790 

1,050 

398 
527 
668 

540 

625 

653 
910 

970 

1,008 

200 

1,220 
1,630 

Wood  block 

1,415 

310 
45 

2.0 

266 

245 

As  tTie  tables  are  examined,  one  of  the  fea- 
tures arresting  attention  is  that  in  most  of  the 
series  the  smallest  value  of  capacity  does  not 
appear  at  one  end  of  the  line  but  at  some  inter- 
mediate pomt.  The  occurrence  of  a  minimum 
is  in  fact  characteristic  of  all  tested  varieties 
of  flume  traction  except  that  in  which  the  bed 
is  a  pavement  of  pebbles.  To  give  the  feature 
graphic  expression  the  data  of  the  last  five 
fines  of  Table  73  are  plotted  in  figure  69,  where 
the  horizontal  scale  is  that  of  linear  fineness,  F. 
The  plotted  points  are  far  from  regular,  but 
the  general  character  of  the  representative 
curves  is  unmistakable,  and  freehand  lines  have 
been  drawn.  On  another  sheet,  not  reproduced, 
the  same  data  were  plotted  in  relation  to  mean 
diameter  of  particles — the  reciprocal  of  F — 
with  similar  result,  except  that  the  lower  two 
curves  became  concave  upward. 


These  curves  illustrate  the  most  important 
difference  between  the  laws  of  flume  traction 
and  those  of  stream  traction.  In  stream  trac- 
tion capacity  increases  continuously  as  fineness 
increases.  In  flume  traction  capacity  increases 
with  fineness  when  the  grades  of  debris  com- 
pared are  relatively  fine  but  increases  with 
coarseness  when  the  grades  are  relatively 
coarse.  So  far  as  these  experiments  show,  the 
minimum  of  capacity  corresponds  to  a  coarse 
sand,  but  its  position  on  the  scale  of  fineness 
may  be  assumed  to  vary  Math  slope,  discharge, 
and  roughness  of  bed. 

Tlie  curve  for  flume  traction  over  a  bed 
paved  with  gravel  shows  no  minimum  but  is 
of  the  same  type  as  the  curve  for  stream  trac- 
tion.   This  fact  is  confirmatory  of  an  inference 

1  Quoted  by  R.  H.  Richards  in  Ore  dressing. 
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ali'eady  drawn  (p.  207),  that  the  transportation 
of  fine  debris  over  a  fixed  bed  of  coarser  debris 
particles  is  essentially  of  the  nature  of  stream 
traction.  It  may  fau-ly  be  inferred  that  if  we 
were  able  to  extend  this  curve  into  the  region 
of  debris  coarser  than  the  gi-avel  of  the  betl,  a 
minimum  would  be  developed. 

If  the  curves  were  to  be  traced  toward  the 
right,  by  means  of  additional  experiments  with 


Figure  69. — Ciirves  illuslrating  the  relation  of  capacity  for  flume  trac- 
tion to  fineness  of  debris.  Data  from  bed  of  planed  wocd  are  recorded 
by  crosses:  from  wood-block  pavement  by  circles;  other  data  by  dots. 

fuier  debris,  there  can  be  little  doubt  that  they 
would  be  found  to  continue  their  ascent;  but 
eventually,  as  curves  of  traction,  they  woukl 
come  to  an  end  with  the  passage  of  the  process 
of  transportation  from  traction  into  suspension. 
In  the  opposite  direction  they  may  be  conceived 
to  attain  a  maximum  and  then  drop  sutldenly 
to  the  base  hue ;  for  despite  the  law  of  increase 
of  capacity  with  coarseness,  there  must  be  a 
degree  of  coarseness  for  wliich  the  force  of  the 
current  is  not  competent,  and  when  that  is 
reached  the  ordinate  of  capacity  becomes  zero. 
The  position  of  tliis  limit,  winch  I  have  in  earUer 
pages  called  competent  fineness,  evitkmtly 
ilepends  on  slope  and  discharge,  as  determining 
the  force  of  the  current,  and  on  the  degree  of 
roundmg  of  the  debris. 

The  double  ascent  of  the  curve  .of  flume 
traction  is  susceptible  of  plausible  explanation, 
by  means  of  considerations  connected  with  the 


process  of  rolling.  The  process  of  roUing  in- 
volves a  question  of  space.  Each  rolhng  pebble 
occupies  an  area  of  the  chamiel  bed  somewhat 
larger  than  its  sectional  area,  even  if  the 
pebbles  are  arranged  in  the  closest  possible 
order.  If  we  conceive  the  channel  bed  to  be 
occupied  by  rolling  pebbles  of  a  particular  size, 
separated  by  spaces  which  bear  a  definite  ratio 
to  the  diameters  of  the  pebbles;  and  again 
conceive  it  to  be  occupied  by  rolling  pebbles 
of  a  larger  size,  with  the  same  ratio  between 
interspace  and  diameter;  it  is  eWdent  that  the 
total  volumes  or  masses  of  pebbles  in  the  two 
cases  will  be  proportional  to  the  diameters. 
If  the  larger  pebbles  have  twice  the  diameter 
of  the  smaller,  then  a  given  area  of  bed  will 
contain  twice  as  much  rolhng  load  of  the  larger 
pebbles  as  of  the  smaller.  It  is  also  true,  as 
stated  on  an  earlier  page,  that  the  rolling  speed 
is  somewhat  greater  for  larger  pebbles  than  for 
smaller.  The  tendency  of  these  two  factors  is 
the  same,  to  make  the  load  greater  for  large 
particles  than  for  small,  wlien  the  process  of 
transportation  is  rolling.  The  analysis  is  doubt- 
less too  simple — the  degree  of  crowding  on  the 
bed,  for  example,  may  not  be  the  same  for 
different  sizes,  and  the  degree  of  crowding  may 
affect  the  speed  of  rolluig — but  qualifying 
factors  can  hardly  impair  the  quahtative 
inference  that  tlie  rolling  load  increases  with 
coarseness. 

It  is  a  matter  of  observation  that,  under 
similar  conditions  determhiing  force  of  current, 
the  dominant  process  in  flume  traction  is  for 
coarse  debris  rolluig  and  for  fine  debris  salta- 
tion. Wlien  the  process  is  roUing,  as  just 
shown,  capacity  increases  with  coarseness  of 
debris.  When  it  is  saltation,  as  illustrated  by 
the  body  of  experiments  on  stream  traction, 
capacity  increases  with  fuieness.  With  the 
passage  from  saltation  to  suspension  the  effect 
is  even  heightened,  and  it  is  probable  that  in 
a  number  of  the  recorded  experiments  the 
process  was  largely  that  of  suspension.  Thus 
the  double  ascent  of  the  capacity-fuieness  curve 
is  determined  by  the  distinctive  properties  of 
two  (or  tliree)  modes  of  propulsion 

If  the  preceding  explanation  is  well  founded, 
the  natm-e  of  the  law  coimectuig  capacity  with 
the  degi-ee  of  comminution  of  the  debiis  in  any 
particular  case  depends  on  those  conditions 
which  determine  the  donunant  process  of  con- 
veyance.   If  the  chamiel  bed  is  smooth,  and  if 
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slope  and  discharge  are  so  adjusted  as  to  give 
a  moderate  velocity,  the  progression  of  sand 
may  be  by  rolling,  and  in  that  case  the  capacity 
for  different  sands  mil  vary  inversely  with  their 
fineness.  But  if  over  the  same  smooth  bed  the 
current  runs  swiftly,  sand  will  be  made  to 
travel  by  saltation,  or  by  saltation  and  suspen- 
sion, and  then  the  capacity  for  different  sands 
will  vary  directly  with  their  fineness.  The  par- 
ticular velocity  with  wliich  the  function  re- 
verses wiU  depend  on  the  quality  of  the  bed, 


being  lower  if  the  bed  is  somewhat  rough, 
because  roughness  changes  rolling  to  saltation. 
The  critical  velocity  will  be  higher  for  gravel 
than  for  sand,  because  higher  velocity  is 
needed  to  make  coarser  debris  leap. 

The  experiments  which  have  been  made  were 
not  sufficiently  varied  to  afford  test  for  these 
inferences,  and  as  there  is  no  present  oppor- 
tunity for  continuance  of  laboratory  work  the 
inferences  must  be  regarded  as  largely  hypo- 
thetic. 


Table  74. — Capacities  for  flame  traction  of  mixed  grades  and  their  component  simple  grades 


Q 

Mixed  grade. 

Capacity 

for 
mixture 
(gm./sec). 

Capacity  for 

single  grade  (gm./sec 

). 

Character  of  bed. 

(E) 

(C.) 

(H) 

(I) 

(J) 

0. 3()3 
.734 

.rM 

.731 
.313 
.734 
.734 
.734 
.734 
.734 
.734 

(E,Gi) 

(EiGi) 

(F.iHiI,) 

(EjHsIaJj) 

(EoHiIj) 

(EjH.Ij) 

(EiHiW 

(EjHjWj) 

(E,G,) 

(EiHiW 

(EjHAJ,) 

450 

770 

1,465 

1,675 

5S2 

1,115 

1,110 

1,390 

460 

605 

605 

225 
366 

385 
665 

586 
665 

502 
665 

233 
259 

446 
495 

444 

583 

417 
583 

230 
416 

242 

416 

181 

416 

225 
398 

385 
668 

293 
830 

335 
830 

116 
366 

223 
570 

222 
673 

278 
673 

586 
910 

502 
910 

233 
500 

446 
970 

444 
1,008 

417 
1,008 

335 

Do                                                                        

278 

230 
310 

Do 

121 
272 

121 
272 

242 

209 

181 
209 

Do 

121 

MIXTURES. 


Tliree  mixtures  of  simple  grades  of  debris 
were  treated  in  the  laboratory.  The  compo- 
nents of  one,  (EjG,),  were  a  medium  sand  and 
a  coarse  sand.  The  others,  (EjHjI^)  and 
(E3HJ3J,),  combined  medium  sand  with  fine 
gravel  and  coarser  gravel.  All  three  were 
tested  m  relation  to  slope  on  the  smooth  chan- 
nel bed  and  on  the  gravel  pavement — one  on 
the  rough-sawn  bed  and  two  on  the  bed  of 
wooden  blocks.  One  entered  into  the  experi- 
ments on  capacity  in  relation  to  discharge. 
The  results  are  contained  in  Tables  67,  68,  and 
72.  The  data  from  those  tables  which  pertain 
to  a  channel  width  of  1  foot  and  a  channel  slope 
of  3  per  cent  are  assembled  in  Table  74.     The 


table  contains  also  the  capacity  quota  for  each 
constituent,  computed  from  the  capacity  for 
the  mixture;  and  beneath  each  of  these  quotas 
is  printed  the  capacity  for  the  constituent  when 
the  entu-e  load  is  composed  of  it. 

A  general  fact  brought  out  by  this  table  is 
that  the  current  can  transport  more  of  a 
mixture  than  it  can  of  any  one  of  the  constit- 
uent grades.  The  table  records  a  single  excep- 
tion, the  capacity  for  the  mixture  being  1,390 
gm./sec,  while  that  for  its  coarsest  constituent 
grade  is  1 ,41.5  grams. 

Another  general  fact  shown  is  that  the  ca- 
pacity for  each  component  as  part  of  a  mixture 
is  less  than  the  capacity  for  the  same  compo- 
nent if  transported  separate^.  To  this  also 
there  is  a  single  apparent  excej)tion,  but  as  it 
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occurs  among  the  data  for  traction  over  a  gravel 
pavement  it  illustrates  a  feature  of  stream  trac- 
tion rather  than  flume  traction. 

The  two  prmci{>les  may  be  illustrated  to- 
gether by  saying  that  if  a  stream  is  carrving  its 
full  load  of  a  grade  narrowly  limited  in  range 
of  fineness,  and  a  different  grade  of  debris  is 
added,  the  total  load  is  thereby  increased,  but 
this  increase  is  accompanied  by  a  diminution 
of  the  quantity  carried  of  the  first-mentioned 
grade.  In  contr^ist  with  this  is  the  law  found 
for  stream  traction — that  the  load  of  the  ini- 
tially transported  grade  is  increased  by  the 
moderate,  addition  of  other  debris,  provided 
the  added  debris  is  relativel}'  fine. 

The  difference  between  the  two  cases  is 
thought  to  be  connected  with  rolling.  In 
flume  traction  over  a  smooth  bed  the  path  for 
rolling  particles  is  roughened  by  the  presenci^ 
of  smaller  particles.  In  stream  traction  the 
pathway  for  larger  particles  is  smoothed  by  the 
presence  of  smaller  jnirticles  and  roUing  is 
promoted. 

In  stream  traction  th(^  capacity  for  a  mixture 
is  determined  chieflj^  by  the  capacity  for  its 
finer  components,  and  as  mean  fineness  also 
depends  cluefly  on  the  fineness  of  the  finer 
components,  mean  fineness  is  a  serviceable 
gage  of  capacity.  In  flume  traction  the  rela- 
tion is  quite  difl'erent.  Because  of  the  double 
ascent  of  the  curve  of  capacity  and  fineness, 
it  may  readily  occur  that  the  capacity  for  a 
mixture  is  most  nearly  related  to  that  for  the 
coarsest  component- — in  fact,  that  is  true  of 
the  three  mixtures  tested  in  our  experiments — 
and  when  that  is  the  case  there  is  no  parallelism 
between  capacity  and  mean  fineness. 


CAPACITT    AND    FORM    RATIO. 

The  data  bearing  on  the  relations  of  capacity 
to  the  depth  and  width  of  current,  and  theii- 
ratio,  are  meager.  Most  of  the  experiments 
were  conducted  with  a  single  trough  width,  1 
foot.  The  only  other  width  used  was  1.91 
feet,  and  its  use  was  associated  with  but  four 
grades  of  debris  and  a  single  character  of 
channel  bed — the  smoothest. 

Depths  of  current  were  not  in  general  meas- 
ured during  the  passage  of  loads,  because  the 
surfaces  of  load-bearmg  currents  were  usually 
so  rough  as  to  make  good  determinations  im- 
possible. Good  measurements  were  made  of 
unloaded  streams,  and  the  results  are  here 
tabulated.  Attempts  to  measure  depths  of 
loaded  streams  yielded  one  result  thought 
worthy  of  record.  With  a  discharge  of  0.734 
ft.'/sec,  a  width  of  1  foot,  a  slope  of  4  per  cent, 
and  a  fuU  load  of  deljris  of  grade  (E3ITJ3JJ), 
the  depth  was  9  per  cent  greater  tlian  for  the 
corresponding  unloaded  stream. 

Table  76  compares  the  capacities  found  for  a 
trough  width  of  1.91  feet  with  corresponding 
capacities  for  a  width  of  1  foot.  By  aid  of 
Table  75  it  brings  capacities  itito  relation  also 
with  depths. 

Table  75. — Depths  and  form  ratios  of  unloaded  streams,  in 
troughs  of  wood,  planed  and  painted. 


w= 

1.91 

w  = 

1.00 

Q 

S 

d 

R 

d 

M 

0.3(3 

1 

0.076 

0.010 

0.120 

0.120 

2 

.062 

.032 

.096 

.096 

3 

.056 

.029 

.082 

.082 

.TM 

.119 

.062 

.194 

.194 

2 

.098 

.0.51 

.154 

.1.54 

3 

.086 

.04.1 

.136 

.136 

Table  76. — -Capacities  for  flume  traction  in  troughs  of  different  widths. 


Q  -- 

S 

Grade  (C). 

Grade  (E).                  Grade  (G). 

Grade  (H). 

tc=1.91  1  w-l.OO 

«i=1.91  1  u)=1.00      10-1.91  1  w-l.OO 

w=1.91  1  w=1.00 

Values  of  C. 

0.363 
.734 

.363 
.73) 

1.0 
2.0 
3.0 
1.0 
2.0 
3.0 

1.0 
2.0 
3.0 
1.0 
2.0 
3.0 

77    1           93 
224               300 

69 
200 
370 
158 
415 
720 

74 
205 
366 
145 
382 
665 

85 
241 
415 
185 
460 
755 

87 
234 
398 
151 
393 
668 

275 
491 

254 
451 

197     1           177 
459    1          548 

550 
915 

470 
830 

0.8.3 

0.93 
.98 
1.01 
1.09 
1.09 
1.08 

0.98 
1.03 
1.04 
1.22 
1.17 
1.13 

1.08 
1.08 

1.11 

..S9 

1.17 
1.10 

1 
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Simple  combinations  of  the  quantities,  into 
which  it  is  not  necessary  to  enter,  show  (1) 
that  with  constant  dej^th,  capacity  increases 
with  width  and  more  rapidly  than  width,  and 
(2)  that  with  constant  width,  capacity  increases 
with  depth  and  more  rapidly  than  depth.  The 
rate  of  increase  with  depth,  if  expressed  as  an 
exponent,  may  be  as  low  as  1.2  or  as  high  as 
2.0.  From  these  premises,  a  hne  of  reasoning 
parallel  to  that  of  Chapter  IV  shows  that  for 
flume  traction,  as  for  stream  traction,  the 
function  C=f{R)  increases  to  a  maximum 
and  then  decreases.  The  value  of  R  corre- 
sponding to  maximum  capacity — the  optunum 
form  ratio — can  not  be  determined  from  obser- 
vations involving  but  two  channel  widths,  but 
its  limits  can  in  some  cases  be  indicated.  For 
example,  when  the  capacities  conditioned  by 
the  same  slope  and  discharge  are  approximately 
the  same  for  the  two  trough  widths,  it  rbay  be 
inferred  that  the  optimum  falls  between  the 
values  of  E  associated  with  the  two  capacities. 
Thus  for  grades  (E),  coarse  sand,  with  a  slope 
of  2  per  cent,  the  capacities  are  about  the 
same  for  the  two  widths,  whUe  the  form  ratios 
are  0.032  and  0.096,  or  one-thirtieth  and  one- 
tenth;  and  it  is  inferred  that  the  optmium  form 
ratio  falls  between  those  fractions. 

From  inferences  of  tliis  sort,  used  in  combi- 
nation with  the  general  principles  of  flume 
traction,  a  number  of  tentative  conclusions 
have  been  drawn.  They  are  of  so  hypothetic 
a  character  that  the  reasoning  connected  with 
them  is  not  thought  worthy  of  record,  but  the 
conclusions  themselves  may  perhaps  be  of 
some  service,  until  replaced  by  others  of  more 
seciire  foundation.  They  are:  The  ratio  of 
depth  to  width  giving  a  current  the  highest 
efficiency  for  flume  traction  (1)  is  greater  for 
gentle  slopes  than  for  steep,  (2)  is  greater  for 
small  discharge  than  for  large,  (3)  is  greater  for 
fine  debris  than  for  coarse,  (4)  is  greater  for 
rough  than  for  smooth  channel  beds,  and  (5) 
is  in  general  less  than  for  stream  traction. 
The  first  and  second  jjropositions  apply  also  to 
stream  traction.  The  third  is  the  reverse  of 
the  relation  determined  for  stream  traction, 
and  its  appUcability  may  be  limited  to  condi- 
tions under  which  rolling  is  the  dommant  mode 
of  transit.  By  aid  of  the  fifth  and  fourth 
Table  31  niay  be  rougldy  applied  to  practical 
problems  of  flume  traction. 


TROUGH    OF    SEMICIRCULAR    CROSS    SECTION. 

A  few  experiments  were  made  with  a  trougli 
of  galvanized  sheet  iron,  1  foot  wide,  having  a 
semicircular  section.  It  was  given  a  slope  of 
1  per  cent,  and  in  it  were  tested  fom*  grades  of 
debris.  The  observational  data  appear  in 
Table  77.  The  object  of  the  experiments  was 
to  determine  whether  a  channel  with  curved 
perimeter  is  more  efhcient  or  less  efficient 
than  one  with  rectangular  section;  the  capaci- 
ties obtamed  are  compared,  in  the  table,  with 
those  determuied  for  a  flat-bottomed  trough 
of  the  same  width.  As  the  discharge  used  did 
not  fill  the  semicylindric  trough,  the  width  of 
water  surface  was  less  than  1  foot.  The 
width  of  chaimel  bed  occupied  by  the  load 
ranged  from  one-fifth  to  one-half  of  the  width 
of  water  surface.  The  medial  depth  of  water 
was  greater  than  in  the  rectangular  chaimel, 
and  the  mean  velocity  was  higher.  The  higher 
velocity  is  a  factor  favorable  to  the  develop- 
ment of  capacity;  the  narrower  field  of  traction 
is  an  unfavorable  factor.  The  resultant  of  the 
two  was  unfavorable,  the  capacities  for  the 
semicj'lindric  trough  being  only  half  as  great 
as  for  the  rectangular.  The  result  is  qualified 
by  the  fact  that  the  troughs  compared  were 
not  of  the  same  material,  but  the  disparity  of 
capacities  is  too  great  to  ])e  ascribed  to  that 
factor. 

Table  77. — Data  on  flume  traction  in  a  semicylindric  iron 
trough  0/0.5  foot  radius;  with  comparative  data  for  a  rec- 
tangular wooden  trough  1  foot  xoiile. 


Slope 
(per  cent). 

Discharge 
(ft.3/see.). 

Grade  of 
d(5bris. 

Capacity  (gm./sec). 

.  In  semi- 
cylindric 
trough. 

In  rec- 
tangular 
trough. 

1.00 

o.3(a 
.734 

(C) 

(E) 
F 

(F 
CO) 

43 
33 
37 
64 
6C 
74 

93 
74 

145 

151 

Depth 

)f      uiiloade( 

IQ=0.3r)3... 
iQ=n.734... 
I(?=0.303... 
\Q=0.734... 
d  by    oad 

0.181 
.257 
.770 
.874 

.  17  to  .  37 
3.85 
4.60 

0.120 
.194 
1.00 
1.00 

1.00 
3.02 
3.  78 

Width  or 

unloade 

■Width  o( 

water  surface 
JstreanKfoot 
be     oecupie 

Mean    velociiv    of   im-)Q»d.3i;3... 
loaded  streain(ft./sec.)\Q=0. 734. . . 

The  fact  that  the  doubling  of  the  discharge 
did  not  double  the  observed  load  indicates  that 
the    duty    of   water    dimuiishes    as    discharge 
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increases,  but  the  data  are  too  few  to  give 
confidence  to  the  inference.  The  tlu-ee  capaci- 
ties ■w'ith  a  discharge  of  0.363  ft.Vsec.  indicate 
a  nunimum  in  the  cui-ve  of  C=f{F),  thus  sup- 
porting tlie  generaUzations  already  made  from 
the  resuhs  ^\'ith  rcctanguhir  troughs. 

The  low  efficiency  here  found  for  an  open 
channel  havmg  a  circular  arc  for  its  perimeter 
suggests  that  the  cylmdric  form  commonly 
given  to  closed  conduits  for  the  hydrauUc  con- 
veyance of  debris  may  not  be  the  most  efficient . 

A  second  suggestion  is  comiected  with  the 
fact  that  the  scmicyUndric  trough,  wiidc  it  nar- 
rows the  field  of  traction,  at  the  same  time  gives 
a  high  velocity  to  the  water.  It  thus  concen- 
trates the  available  force  and  energy  on  the 
narrow  field.  Though  the  result  is  not  favor- 
able to  capacity,  it  may  be  favorable  to  com- 
petence. When  but  a  small  load  is  to  be  trans- . 
ported,  the  practical  problem  may  be  one  of 
competent  velocitj^;  and  such  a  trough  appears 
well  adapted  to  the  production  of  competent 
velocity  with  economy  of  discharge  and  slope. 

SUMMARY. 

In  the  transportation  of  debris  in  flumes 
much  of  the  movement  is  usually  by  rolhng 
and  shding.  This  is  especially  true  if  the  cur- 
rent is  gentle  or  the  debris  coarse.  With  a 
very  swift  current  or  with  fine  debris  the  par- 
ticles travel  by  a  scries  of  leaps,  and  with  the 
finest  debris  the  load  is  suspended.  When  the 
conditions  are  such  that  the  principal  move- 
ment is  by  rolling  and  shding,  the  capacity  of 
the  current  increases  with  the  coarseness  of  the 
tlebris  transported,  this  law  holding  good  up 
to  the  limit  of  coarseness  at  which  the  current 
is  barely  competent  to  start  the  particles. 
Wlion  the  conditions  are  such  that  the  princi- 
pal movement  is  by  saltation,  the  capacity  of 
the  current  increases  with  the  fineness  of  the 
debris,  the  law  hokling  good  up  to  and  prob- 
ably beyond  the  critical  fineness  at  which  the 
current  is  competent  to  carry  the  debris  in 
suspension. 

Under  all  conditions  the  capacity  is  increased 
by  steepening  the  slope,  and  the  increase  of  ca- 
pacity is  more  rapiil  than  the  increase  of  slope. 
The  capacity  may  vary  with  a  power  of  the 
slope  as  low  as  the  1 .2  power,  or  with  one  liigher 
than  the  second.  A  general  average  for  the 
experimental  determinations  is  the  1.5  power. 


Under  all  conilitions  the  capacity  is  increased 
by  enlarging  the  discharge.  It  may  be  in- 
creased in  the  same  ratio,  m  a  liigher  ratio,  or 
m.  a  somewhat  lower  ratio. 

The  highest  capacity  is  associated  with  the 
smoothest  channel  bed.  Progressive  increase 
of  roughness  reduces  capacity  progressively  un- 
til the  texture  of  the  bed  becomes  coarser  than 
the  debris  of  the  load.  The  mode  of  transpor- 
tation then  passes  from  flume  traction  to  stream 
traction.  Under  like  conditions  of  slope,  dis- 
charge, and  character  of  debris,  flume  traction 
gives  higher  capacities  than  stream  traction. 

Rectangular  or  box  flumes  have  liigher  ca- 
pacity than  seniicyUn(hic  flumes  of  similar 
Avidth.  Up  to  a  hmit,  which  varies  wdth  con- 
ditions, the  capacity  is  enlarged  by  increasing 
the  width  of  channel  at  the  expense  of  depth  of 
current.  The  ratio  of  depth  to  width  which 
gives  highest  efficiency  has  not  been  wcU  cov- 
ered by  the  experiments,  but  it  is  beheved  to 
be  rarely  greater  than  1:10  and  often  as  small 
as  1:30.  For  large  operations  the  determina- 
tion of  width  wiU  usually  represent  a  compro- 
mise between  efficiency  and  the  cost  of  con- 
struction and  maintenance. 

As  most  of  the  experiments  were  made  with 
sorted  debris,  each  grade  being  nanowly 
limited  as  to  range  in  the  size  of  its  particles, 
and  as  most  practical  work  is  with  aggregations 
having  great  range  in  size,  the  loads  and 
capacities  here  repoited  need  qualification.  By 
experiments  with  mixtures  of  the  laboratory 
grades  it  was  found  that  the  load  carried  of  a 
mixture  is  greater  than  the  load  of  any  one  of 
its  important  components  taken  separately. 
It  is  in  general  true  that  the  capacities  for  com- 
plex natural  grades  of  debris  are  greater  than 
the  tabulated  capacities  for  the  laboratory 
gi-ades  they  most  nearly  resemble. 

COMPETENCE. 

The  experiments  in  flume  traction  were  prac- 
tically limited  in  their  range  by  phenomena  of 
competence,  and  these  limitations  were  of  use 
in  determining  values  of  a,  k,  and  (f>,  but  no 
effort  was  made  to  observe  competence  di- 
rectly and  precisely.  There  are,  howcvei,  a 
few  observations  by  others,  which  may  properlv 
be  assembled  here,  although  it  is  not  practicable 
to  use  them  as  checks  on  our  work.  Our  in- 
definite data  pertain  to  slope  and  discharge, 
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while   the    observations    of    others   pertain    to 
velocity. 

The  experiments  of  Dubuat '  (178.3)  have 
been  assumed,  both  by  him  and  by  others,  to 
pertain  to  stream  traction,  but  his  account  of 
apparatus  and  methods  makes  it  probable  that 
what  he  really  investigated  was  chiefly  com- 
petence for  flume  traction.  He  used  a  trough 
of  plank,  with  the  grain  lengthwise,  and  meas- 
ured the  velocity  of  the  current  by  observing 
the  speed  of  balls  slightly  heavier  than  water 
as  they  were  swept  along  the  bottom.  In  a 
current  of  a  particular  velocity  he  placed 
successively  various  kinds  of  debris  and  noted 
their  behavior,  then  changed  the  velocity  and 
repeated.    I  lis  results  are  as  foUows: 

Competent  bed  velocity 
(tt./sec). 

Potter's  clay Between  0.27  and  OrJS 

Coarse  angular  sand 0.7  1.1 

River  gravel: 

Size  of  anise  seed 0.35         0.53 

Size  of  peas 0.fj2         0.7 

Size  of  common  beans 1.1  1.55 

Rounded  pebbles,  1  incli  in  diame- 
ter   2.1  3.2 

Angular  flints,  size  of  hen's  eggs. . .  3.2  4.0 

J.  W.  Bazalgette,  in  discussing  the  flushing 
of  sewers  and  therefore  presumably  consider- 
ing flume  traction  rather  than  stream  traction, 
quotes  the  following  results  of  experiments  by 
Robison:^ 

Competent  bed  velocity 
(tt.Asec.). 

Fine  sand 0.  5 

Sand  coarse  ss  linseed 67 

Fine  gravel 1.0 

Round  pebbles,  1  inch  in  diameter 2.  0 

.\ngular  stones,  size  of  eggs 3.  0 

In  1857  T.  E.  BlackwelP  conducted  elabo- 
rate experiments  to  determine  the  vel  )cities 
necessary  to  move  various  materials  in  sewers. 
His  channel  was  of  rough-sawn  plank,  60  feet 
long  and  4  feet  wide,  with  level  bottom.  Ve- 
locities were  measured  by  a  tachometer,  but  the 
relation  of  the  velocity  measurements  to  the 
bed  is  not  statt^d.  The  tests  were  apphed  to 
natural  debris  of  various  kinds  and  also  to  tjpes 
of  artificial  objects  likely  to  enter  sewers.  The 
objects  were  treated  singly  and  in  aggregates, 
with  the  general  result  that  an  aggregation  re- 

1  Dubuat-Nangay,  L.  G,.  Principes  d'hydraulique,  vol.  1,  p.  100:  vol. 
2,  pp.  57,  79,  95,  Paris,  17S6. 

2  Inst.  CivU  Eng.  Proc,  vol.  24,  pp.  289-290,  1865. 

3  Accoimts  and  papers  [London],  Sess.  2, 1857;  Metropolitan  drainage, 
vol.  36,  Appendix  IV,  pp.  167-170,  Pis.  1-5. 


quires  higher  velocity  to  move  it  than  does  a 
single  object.  It  is  evident  that  the  experi- 
ments on  single  objects  pertain  to  flume  trac- 
tion and  some  of  those  on  aggregations  to 
stream  traction.  From  his  tabulated  results 
the  subjoined  data  are  selected  as  representmg 
or  illustratmg  the  velocities  competent  for 
natural  debris,  the  column  tif  mean  diameter 
being  added  by  me.  He  infers  from  the  ex- 
periments that  (1)  for  objects  of  the  same 
character  competent  velocity  increases  with  the 
mass;  (2)  for  objects  of  the  same  size  and  form 
it  increases  with  the  specific  gravity;  (3)  fcjr 
objects  of  different  form  it  is  greater  in  propor- 
tion as  they  depart  from  the  form  of  a  sphere; 
and  (4)  for  objects  in  motion  the  rate  of  travel 
increases  with  the  velocity  of  the  current. 

Table  78. — Observations  by  Blackwell  on  velocity  competent 
for  traction. 


Material. 

Volume. 

Mean  di- 
ameter. 

Competent 
velocity. 

Single  objects  (illustrating  flume  trac- 
tion): 

Brickbat  (roughly  cuboid) 

Do     .  . 

Cubic 
inches. 
18.5 
12.98 
13.6 
7.33 
4.76 
2.59 
10.37 
6.05 
4.11 
1.95 

Feet. 
0.27 
.24 
.25 
.20 
.17 
.14 
.22 
.19 
.16 
.13 
.20 
.16 
.13 

.042 
.021 

Ft.jsec. 
2.75-3.00 

Do 

Do 

Do 

Do 

Do 

Do     ... 

Do 

Do 

Aggregations  (illustrating  stream  trac- 
tion); 
Gravel      . 

Do 

Sand 

WORK  OF  OVERSTROM  AND  BLUE. 

Certain  experimental  work  on  the  capacity  of 
currents  for  flume  traction  has  for  its  specific 
purpose  the  determination  of  dimensions  for 
launders,  the  flumes  in  which  pulverized  ore  is 
conveyed.  R.  H.  Richards's  "Ore  dressing"  * 
contains  an  abstract  of  results  obtained  by  G. 
A.  Overstrom,  accompanied  by  the  statement 
that  the  experimental  data  are  extensive  but  as 
3'et  unpublished.  The  troughs  employed  were 
flat-bottomed  and  probably  of  wood.  For  each 
slope,  width  of  flume,  and  grade  of  transported 
material  he  found  (1)  that  the  duty  of  water 
varies  with  the  discharge  and  that  some  par- 
ticular discharge  is  associated  with  a  maximum 
duty,  so  as  to  be  the  most  economical;  (2)  that 

<  \o\.  3,  pp.  1592-1594,  19(». 
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the  most  economical  discharge  is  sensibly  pro- 
portional to  the  width,  so  that  for  each  slope 
and  grade  of  material  there  is  a  particular  dis- 
charge per  unit  of  width  giving  a  maximum 
duty;  and  (3)  that  the  most  economical  dis- 
charge is  greater  for  low  slopes  than  for  high. 

The  first  of  these  results  is  in  fair  accord  with 
our  own.  Five  of  the  nine  values  of  the  expo- 
nent 0  in  Table  72  are  less  than  imity.  For 
the  corresponding  series  the  values  of  i^  range 
both  below  and  above  unity  and  the  corre- 
sponding values  of  the  variable  exponent  for 
duty  in  relation  to  discharge,  ■ij—  1,  range  below 
and  above  zero.  The  value  zero  evidently  cor- 
responds to  a  maximum  value  of  duty.  His 
third  result  is  in  strict  accordance  with  ours; 
his  second  can  not  bo  compared  without  fuller 
details. 

A  diagram  exhibiting  liis  determuiations  for 
the  traction  of  crushed  cjuartz  sized  by  40-mesh 
and  150-mesh  sieves  shows  for  different  dis- 
charges per  imit  width  the  variation  of  duty 
with  slope.  For  the  larger  discharges  duty 
varies  as  the  first  power  of  slope ;  for  the  small- 
est discharge  with  the  second  power.  Tliis  cor- 
responds to  a  variation  of  capacity  with  the 
second  to  third  power  of  slope.  Our  most 
available  data  for  comparison  are  those  of 
grade  (C),  the  capacitj^  for  which  varies  with 
the  1.66  power  of  slope  (Table  70).  As  grade 
(C)  was  separated  by  30-mesh  and  40-mesh 
sieves,  it  is  considerably  coarser  than  the 
crushed  quartz,  and,  being  stream  worn,  it  is 
less  angular.  The  marked  difference  in  the 
observed  laws  of  variation  is  evidently  suscepti- 
ble of  more  than  one  interpretation,  but  it  is 
thought  to  be  connected  with  difference  in 
fineness,  as  more  fully  stated  on  a  following 
page.  ^ 

F.  K.  Blue  '  made  a  series  of  experiments  in 
which  the  trough  was  of  sheet  iron,  50  feet  long, 
5  inches  deep,  and  4  inches  wide,  the  bottom 
being  semicylindric  with  2-inch  radius.  It  was 
so  moimted  that  it  could  be  set  to  any  slope 
up  to  12  per  cent.  Two  materials  were  used 
as  load,  the  first  a  beach  sand  of  60-mesh  aver- 
age fineness,  the  other  a  sharp  quartz  sand  cf 
about  SO-mesh  fuieness,  containing  about  10 
per  cent  of  slime  from  a  stamp  mOl.  With  each 
material  the  discharge  and  load  were  varied; 
and  for  each  combination  of  discharge  and  load 

1  Eng.  and  Min.  Jour.,  vol.  84,  pp.  53G-539, 1907. 


the  slope  was  adjusted  to  competence,  and 
mean  velocity  was  determined  by  means  of  a 
measurement  of  depth.  Discharge  and  load 
were  not  measured  directly  but  in  certain  com- 
binations. Instead  of  discharge,  the  total  vol- 
ume of  water  and  load  was  measured.  This 
quantity  was  used  cliiefly  in  the  computation 
of  mean  vclocitj',  for  which  purpose  it  is  better 
fitted  than  is  discharge  alone.  Load  was  meas- 
ured as  a  volume,  the  voliune  of  the  transported 
material  as  collected  in  a  settling  tank,  and  is 
reported  only  through  a  ratio,  q,  which  is  the 
quotient  of  the  volume  of  load  by  the  volume 
of  discharge  plus  load.     This  is  essentially  a 

duty  but  differs  materially  from  duty  (  U=  ^  ) 

as  defined  in  the  present  report.  Representing 
b}'  ir  the  weight  in  grams  of  a  cubic  foot  of 
debris,  includmg  voids,  and  by  v  the  jx-rcentage 
of  voids,  it  follows  from  the  definitions  that 


U 


qW 


^      n  +  6(1— r)'  1  -^(l  -v) 

From  the  discussion  of  his  data  Blue  finds 
(1)  that  q  varies  as  the  square  of  the  slope 
and  (2)  that  it  varies  as  the  sixth  power  of  the 
mean  velocity.  He  does  not  specifically  con- 
sider the  relation  of  q  to  discharge,  but  exami- 
nation of  his  tabulated  data  shows  that  q  is 
.  but  slightly  sensitive  to  variations  of  discharge 
plus  load. 

As  Blue's  coarsest  material,  the  beach  sand, 
has  approximately  the  fineness  of  our  grade  (A), 
while  the  finest  we  treated  in  flume  traction  is 
of  grade  (C),  the  most  defkiite  comparison  of 
results  can  not  be  made,  but  there  is  neverthe- 
less interest  in  such  comparison  as  is  possible. 
Computing  values  of  ?7from  his  data  for  beach 
sand,  and  plotting  them  in  relation  to  slope,  I 
obtained  UoaS""-  This  gives  for  capacity  and 
slope,  CocS^-"-;  and  the  exponent  3.02  may  be 
compared  with  values  of  I^  in  Table  70,  for  the 
smoothest  kind  of  trough  bod.  The  exponent 
for  gi-ade  (C)  is  1.66,  and  the  exponent  has  a 
minunum  value  of  1.30  for  grade  (G).  In 
accordance  with  the  generaUzation  (p.  208)  that 
the  sensitiveness  of  capacity  to  slope  increases 
from  a  minimum  toward  both  coarse  grades  and 
fine,  we  should  expect  for  grade  (A)  an  index 
of  sensitiveness  materially  greater  than  1.66. 
The  data  furnished  by  Blue  thus  tend  to  sup- 
port the  generalization,  and  additional  support 
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is  given  bj^  Overstrom's  data,  above  cited. 
Such  an  inference  is  qualified  as  to  Blue's  data 
by  the  possibility  that  the  exponent  is  affected 
in  material  degree  by  the  form  of  the  cross 
section  of  the  trough. 

Blue's  data  on  velocity  are  of  such  character 
as  to  warrant  a  fuUer  discussion  than  he  gives. 
His  comparison  with  duty  (q)  is  made  without 
regard  to  the  accessory  conditions  of  discharge, 
depth,  and  slope,  but  we  have  seen  that  in 
stream  traction  these  conditions  materially  af- 
fect the  control  of  capacity  and  duty  by  mean 
velocity.  It  is  not  practicable  so  to  arrange 
liis  data  as  to  obtain  results  for  the  condition 
that  discharge,  depth,  or  slope  is  constant,  but 
moderate  approximations  to  such  conditions 
may  be  obtained  by  groupmg.  I  have  divided 
his  observations  on  the  traction  of  beach  sand 
into  three  groups — first,  with  reference  to  dis- 
charge (  +  load);  second,  with  reference  to 
depth;  and,  third,  with  reference  to  slope — 
and  for  each  group  have  computed  n  on  the 
assumption  that  capacity  varies  with  the  nth 
power  of  mean  velocity.  The  resulting  values 
are  given  in  Table  79,  and  with  them  are  placed 
the  average  of  the  corresponding  exponents  for 
stream  traction,  derived  under  the  several  con- 


ditions of  constant  cUscharge,  constant  depth, 
and  constant  slope  (Table  5.3). 

It  appears  (1)  that  in  flume  traction  capacity 
is  much  more  sensitive  to  variation  of  mean  ve- 
locity than  in  stream  traction;  and  (2)  that  in 
flume  traction,  as  in  stream  traction,  the  order 
of  sensitiveness  as  related  to  conditions  is 
liighest  for  constant  chscharge,  intermediate  for 
constant  depth,  and  lowest  for  constant  slope. 
In  flume  traction  the  sensitiveness  appears  to 
vary  directly  with  discharge  and  depth  and 
inversely  with  slope,  while  in  stream  traction 
it  was  found  to  vary  inversely  with  discharge 
and  slope,  the  variation  with  deptli  being  in- 
determinate. 

Table  79. — Value  of  n  in  Coc  Vj^",  based  on  Blue's 
experiments  on  flume  traction  of  beach  sand. 


Value  of  n  under  condi- 
tion   that    small 
range  is  given  to — 

Q 

d 

S 

The  valnes  of  Q,  rf,  or  S  Ix-ing  relatively- 

5.7 
6.2 
7.5 

5.7 
5.0 
7.0 

6.5 

6.9    1        4.0 

Comparative  values  of  Jy  from  Table  53 

3.98 

3.6S  1        3.21 

CHAPTER   XIII.— APPLICATION  TO   NATL^.iL  STREAMS. 


INTRODUCTIO"N. 

The  flow  of  a  river  is  a  complex  phenomenon. 
The  transportation  of  debris  by  it  involves 
intricate  reactions.  The  quantity  of  debris 
transported  depends  on  a  variety  of  conditions, 
and  these  conditions  interact  one  on  another. 
Direct  observation  of  what  takes  place  at  the 
base  of  the  current  is  so  difficult  that  the  body 
of  information  thus  obtained  is  small.  In  the 
work  of  the  Berkeley  laboratory  the  attempt 
was  made  to  study  the  influence  of  each  con- 
dition separately,  and  to  that  end  aU  the  con- 
ditions were  subjected  to  control.  This  in- 
volved the  substitution  of  the  artificial  for  the 
natural;  and  while  the  principles  discovered  are 
such  as  must  enter  into  the  work  of  natural 
streams,  their  combinations  there  are  difl'erent 
from  the  combinations  of  the  laboratory.  It  is 
the  provmce  of  the  present  chapter  to  consider 
the  differences  between  the  laboratory  streams 
and  natural  streams,  and  in  view  of  those 
differences  the  applicability  of  the  laboratory 
results  to  problems  connected  with  natural 
streams. 

FEATURES  DISTINGUISHING  NATURAL 
STREAMS. 

KINDS    OF    STREAMS. 

Classification  necessarily  involves  a  purpose, 
or  point  of  view,  and  there  are  in  general  as 
many  scientific,  or  natural,  or  otherwise  com- 
mendable classifications  as  there  are  functions 
to  be  subserved.  The  classification  of  streams 
here  given  has  no  other  purpose  than  to  afford 
a  terminology  convenient  to  the  subject  of 
debris  transportation. 

Wlien  the  debris  supplied  to  a  stream  is  less 
than  its  capacity  the  stream  erodes  its  bed,  and 
if  the  condition  is  other  than  temporary  the 
current  reaches  bedrock.  The  dragging  of  the 
load  over  the  rock  wears,  or  abrades,  or  cor- 
rades  it.  Wlien  the  supply  of  deliris  equals  or 
exceeds  the  capacity  of  the  stream  bedrock  is 
not  reached  by  the  current,  but  the  stream  bed 
is  constituted  whoUy  of  debris.  Some  streams 
with  beds  of  debris  have  channel  walls  of  rock, 


which  rigitUy  limit  then-  width  and  otherwise 
restrain  then-  development.  Most  streams  \vith 
beds  of  debris  have  one  or  both  banks  of  pre- 
viously deposited  debris  or  alluvium,  and  these 
streams  are  able  to  shift  their  courses  by 
eroduig  their  banks.  The  several  conditions 
thus  outlmed  wUl  be  indicated  by  speakmg  of 
streams  as  corroding,  or  rock-ivalled,  or  alluvial. 
In  strictness,  these  terms  apply  to  local  phases 
of  stream  habit  rather  than  to  entire  streams. 
Most  rivers  and  many  creeks  are  corrading 
streams  in  parts  of  their  courses  and  alluvial 
in  other  parts. 

Wlienever  and  wherever  a  stream's  capacity 
is  overtaxed  by  the  supply  of  debris  brought 
from  pomts  above  a  deposit  is  made,  building 
up  the  bed.  If  the  supply  is  less  than  the 
capacity,  and  if  the  bed  is  of  debris,  erosion 
results.  Through  these  processes  streams 
adjust  their  ])rofiles  to  thek  supplies  of  debris. 
The  process  of  adjustment 'is  called  gradation; 
a  stream  which  builds  up  its  bed  is  said  to 
aggrade  and  one  which  reduces  it  is  said  to 
degrade. 

An  alluvial  stream  is  usually  an  aggrading 
stream  also;  and  when  that  is  the  case  it  is  bor- 
dered by  an  alluvial  plam,  called  a  flood  plain, 
over  which  the  water  spreads  in  time  of  flood. 
If  the  general  slope  descended  by  an  alluvial 
stream  is  relatively  steep,  its  course  is  relatively 
direct  and  the  bends  to  right  and  left  are  of 
small  angular  amount.  If  the  general  slope  is 
relatively  gentle,  the  stream  winds  in  an  intri- 
cate manner;  part  of  its  course  may  be  in  du-ec- 
tions  opposite  to  the  general  course,  and  some 
of  its  curves  may  swing  thi-ough  180°  or  more. 
Tliis  distinction  is  embodied  in  the  terms  direct 
alluvial  stream  and  meandering  stream.  The 
particular  magnitude  of  general  slope  by  which 
the  two  classes  are  separated  is  greater  for  small 
streams  than  for  large.  Because  fineness  is  one 
of  the  conditions  determining  the  general  slope 
of  an  alluvial  plain,  and  because  the  gentler 
slopes  go  with  the  finer  alluvium,  it  is  true  in 
the  main  that  meandering  streams  are  associ- 
ated with  fine  alluvium. 
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FEATURES     CONNECTED     AVITII     CURVATURE     OF 
CHANNEL. 

As  nearly  all  the  laboratory  experiments  were 
performed  with  straight  channels,  and  as  all 
natural  channels  are  more  or  less  curved,  the 
features  resulting  from  curvature  constitute 
differences  of  which  account  must  be  taken  in 
applying  laboratory  results.  Some  of  these 
differences  have  been  mentioned  in  connection 
with  the  short  series  of  experiments  with 
curved  and  bent  channels,  but  a  fuller  account 
is  desirable. 

In  a  straight  channel  the  current  is  swifter 
near  the  middle  than  near  the  sides  and  is 
swifter  above  mid-depth  than  below.  On 
arriving  at  a  bend  the  whole  stream  resists 
change  of  course,  but  the  resistance  is  more 
effective  for  the  swifter  parts  of  the  stream  than 
for  the  slower.  The  upper  central  part  is  de- 
flected least  and  projects  itself  against  the  outer 
bank.  In  so  doing  it  displaces  the  slow-flowing 
water  previously  near  that  bank,  and  that  water 
descends  obliquely.  The  descending  water  dis- 
places in  turn  the  slow-flowing  lower  water, 
which  is  crowded  toward  the  inner  bank,  whUe 
the  water  previously  near  that  bank  moves 
toward  the  middle  as  an  upper  layer.  One 
general  result  is  a  twisting  movement,  the  up- 
per parts  of  the  current  tending  toward  the 
outer  bank  and  the  lower  toward  the  inner.' 
Another  result  is  that  the  swiftest  current  is  no 
longer  medial,  but  is  near  the  outer  or  concave 
bank.  Connected  with  these  two  is  a  gradation 
of  velocities  across  the  bottom,  the  greater  ve- 
locities being  near  the  outer  bank.  The  bed 
velocities  near  the  outer  bank  are  not  only 
much  greater  than  those  near  the  inner  bank, 
but  they  are  greater  than  any  bed  velocities  in 
a  relatively  straight  part  of  the  stream.  They 
have  therefore  greater  capacity  for  traction, 
and  by  increasing  the  fractional  load  they  erode 
until  an  cquihbrium  is  attained.  On  the  other 
hand,  the  currents  which,  crossing  the  bed  ob- 
liquely, approach  the  inner  bank  are  slackening 
currents,  and  they  deposit  what  they  can  no 
longer  carry. 

It  results  that  the  cross  section  on  a  curve 
is  asymmetric,  the  greatest  depth  being  near 

1  The  system  of  movements  here  described  has  been  observed  by 
many  students  of  rivers.  They  were  demonstrated  by  the  aid  of  a  model 
channel  by  J.  Thomson,  in  connection  with  an  explanation  which  dif- 
fers somewhat  from  that  of  the  present  text.  See  Roy.  Soc.  London 
Proc.,  pp.  5-8,  1876,  and  356-357,  1S77;  also  Inst.  Mech.  Eng.  Proc,  pp. 
45()-460,  1879. 


the  outer  bank.  As  the  winding  stream 
changes  the  direction  of  its  curvature  from  one 
side  to  the  other,  the  twisting  system  of  current 
filaments  is  reversed,  and  with  it  the  system  of 
depths,  but  the  process  of  change  includes  a 
phase  with  more  equable  distribution  of  veloci- 
ties, and  tliis  phase  produces  a  shoal  separating 
the  two  deeps.  The  shoal  does  not  cross  the 
channel  in  a  direction  at  right  angles  to  its 
sides  but  is  somewhat  obhque  in  position, 
tending  to  run  from  the  inner  bank  of  one 
curve  to  the  inner  bank  of  the  other.  In 
meandering  streams  it  is  usually  narrow  and 
is  appropriately  called  a  bar.  In  direct  alluvial 
streams,  where  bentis  are  apt  to  be  separated 
by  long,  nearly  straight  reaches,  it  is  usually 
broad  and  may  for  a  distance  occupy  the 
entire  width  of  the  channel.  In  navigated 
rivers  the  locahty  of  the  bar  is  usually  called  a 
crossing,  being  the  place  where  the  thalweg, 
the  Une  of  strongest  current,  and  the  route  of 
travel  cross  from  side  to  side;  and  the  name  is 
often  apphed  also  to  the  bar  itself. 

The  twisting  current  attacks  the  outer  bank, 
being  swifter  at  contact  with  that  bank  than 
in  any  other  part  of  the  wetted  perimeter.  If 
the  bank  consists  of  alluvium  there  is  erosion, 
the  amount  being  determined  in  part  by 
resistances  arismg  from  roots,  or  adhesion  of 
alluvial  particles,  or  incipient  cementation; 
and  the  eroded  material,  so  far  as  it  joins  the 
bed  load,  helps  to  satisfy  the  bed  current  and 
hmit  downward  erosion.  In  alluvial  streams 
the  erosion  from  concave  banks  offsets  the 
deposition  under  convex  banks,  so  that  the 
channel  may  gradually  shift  its  position  without 
change  of  sectional  area. 

The  sectional  area  may  be  either  greater  or 
less  at  a  curve  than  on  a  reach,  but  the  differ- 
ences are  normally  '  of  small  amount.  There- 
fore the  mean  velocity  does  not  vary  greatly. 
The  current  in  a  curved  channel,  as  compared 
to  that  in  a  straight  channel,  is  characterized 
by  diversity.  Its  bed  velocities  are  both 
higher  and  lower,  and  the  same  is  true  of 
velocities  along  the  banks.  This  diversity  is 
favorable  to  traction,  because  capacity  for 
traction  varies  with  a  high  power  of  velocity; 
but  the  advantage  to  traction  is  partly  offset 
by  the  fact  that  increase  of  velocity  affects  a 
smaller  portion  of  the  wetted  perimeter  than 

'That  is  to  say,  they  are  of  small  amount  when  the  system  of  depths 
is  adjusted  to  the  discharge,  as  explained  on  a  later  page. 
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is  affected  by  reduction  of  velocity.  There  is 
also  diversity  in  the  directions  followed  by 
elements  of  current,  and  tliis  diversity  includes 
not  only  the  twistuig  movement  but  various 
minor  eddies  and  swirls.  Diversified  move- 
ments, by  including  upward  movements,  pro- 
mote suspension,  and  in  conjunction  with 
diversified  velocities  they  modify  the  partition 
of  the  load  between  traction  and  suspension. 
On  the  whole,  suspension  claims  more  in  a 
diversified  current,  but  it  is  also  true  that  the 
line  of  separation  between  suspension  and 
traction  shifts  to  and  fro  in  such  a  current. 
Much  debris  which  is  suspended  in  the  swift 
water  under  the  concave  bank  joins  the  bed 
load  in  passing  the  shoal  between  deeps,  and 
the  suspended  load  is  still  more  restricted  in 
passing  the  shoal  of  the  convex  bank.  Deposi- 
tion on  the  latter  shoal  includes  both  fractional 
and  suspensional  materials. 

FEATURES    CONNECTED    WITH    DIVERSITY   OF 
DISCHARGE. 

All  streams  vary  in  volume  from  season  to 
season  and  from  year  to  year.  In  a  stream  fed 
by  springs  the  changes  may  be  slight.  At  the 
opposite  extreme  are  creeks  and  even  rivers 
which  exist  only  during  storms.  In  most  large 
streams  the  discharge  at  flood  stage  is  many 
times  gi'eater  than  at  low  stage.  Usually  flood 
stages  continue  only  for  brief  periods  and  in  the 
aggregate  occupy  but  a  small  fraction  of  the 
year. 

It  is  broadly  true  that  streams  give  shape  to 
their  own  channels,  and  among  alluvial  streams 
there  are  few  exceptions.  It  is  broadly  true 
also  that  the  shapes  of  channels,  including  cross 
sections  and  plans,  are  the  same  ior  large 
streams  as  for  small.  But  the  large  stream 
requires  and  develops  a  larger  chamiel — broader, 
deeper,  and  winding  in  larger  curves.  Tlirough 
variation  of -discharge  the  same  stream  is  alter- 
nately large  and  small,  so  that  its  needs  are 
different  at  different  stages.  At  each  stage  it 
tends  to  fit  its  channel  to  the  needs  of  the  par- 
ticular discharge.  The  formative  forces  resid- 
ing in  the  current  are  so  much  stronger  with 
large  discharge  than  with  small  that  the  greater 
features  of  channel  are  adjusted  to  large  dis- 
charge, and  this  despite  the  fact  that  floods 
are  of  brief  duration.  The  feebler  forces  of 
smaller  discharges  modify  the  flood-made  forms 
but  do  not  succeed  in  completing  their  work  of 


adjustment  before  it  is  interrupted  by  another 
flood.  The  deeps  of  high  stage  are  pools  at 
low  stage  and  have  currents  too  feeble  for  trac- 
tion. As  the  reduced  stream  passes  from  pool 
to  pool  it  crosses  the  shoal  formed  at  high 
stage  with  quickened  current.  The  velocities 
are  still  diversified,  but  the  greater  and  smaller 
velocities  have  exchanged  places.  The  slope  of 
water  surface  is  more  diversified  than  at  high 
stage,  being  lower  at  the  pools  and  higher  be- 
tween them.  Traction  is  restricted  to  the 
shoals,  and  the  loads  are  smaU.  The  load  at 
each  shoal  is  obtainetl  from  the  shoal  itself  and 
is  deposited  in  the  next  pool,  and  in  this  way 
shallow  channels  are  developed  from  pool  to 
pool. 

In  contrasting  the  features  of  high  and  low 
stages,  it  has  been  convenient  to  use  the  terms 
as  if  high  stage  and  low  stage  were  specific  and 
definite  phases  of  stream  activity,  thereby 
ignoring  the  actual  diversity  in  fluctuations  of 
discharge.  Floods  are  of  all  magnitudes,  and 
each  flood  presents  not  oidy  a  maximum  dis- 
charge but  a  continuous  series  of  changing  dis- 
charges. At  each  instant  the  stream  contains 
a  system  of  currents  of  which  the  details 
depend  not  only  on  the  discharge  but  on  the 
shapes  of  channel  created  by  the  work  of  pre- 
vious discharges.  So  long  as  the  discharge 
continues,  its  currents  are  eroding  and  deposit- 
ing in  such  way  as  to  remodel  the  channel  for 
its  own  needs,  and  so  long  as  the  work  of 
remodeling  continues  the  loads  and  capacities 
at  tlifferent  cross  sections  are  different. 

With  the  changes  in  the  values  and  distri- 
bution of  velocities  go  changes  in  those  values 
of  competent  fineness  which  on  one  side  limit 
traction  and  on  the  other  separate  traction 
from  suspension.  With  maximum  tUscharge 
all  the  coarser  grades  of  debris  mthin  the 
domain  of  the  stream  are  in  transit  along  the 
path  of  highest  acti%'ity,  and  that  path  in- 
cludes the  deeps  and  the  intervening  shoals. 
With  lessening  discharge  the  coarsest  material 
stops,  but  it  stops  chiefly  in  the  deeps,  because 
the  change  in  bed  velocity  is  there  greatest. 
At  the  same  time  the  coarsest  of  the  suspended 
load  escapes  from  the  body  of  the  stream  and 
joins  the  bed  load.  By  tliis  double  change  the 
mean  fineness  of  the  fractional  load  is  increased, 
and  so  also  is  the  mean  fineness  of  the  suspended 
load.  With  continued  reduction  of  discharge 
the  fractional  load  in  the  deeps  becomes  gradu- 
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ally  finer  and  at  last  ceases  to  move,  while  the 
graduated  deposit  caused  by  its  arrest  receives 
a  final  contribution  fi-om  the  suspended  load. 
The  tractional  load  on  the  shoals  changes  less 
in  mean  fineness  and  may  cease  to  change 
altogether  when  the  supply  from,  the  deep  is 
cut  off.  It  is  then  derived  wholly  from  the 
subjacent  bed  and  is  greatly  reduced  in  quan- 
tity. Soon  the  derivation  becomes  selective, 
the  finer  jiart  being  carried  on  while  the  coarser 
remains,  with  the  result  that  the  sliallow  chan- 
nels on  the  bars  come  to  be  paved  with  par- 
ticles which  the  enfeebled  curients  can  not 
move. 

If  the  section  of  the  alluvium  underlying  a 
shoal  be  afterwards  exposed,  it  is  seen  to  be  in 
the  main  heterogeneous  but  veneered  at  the 
top  by  a  layer  of  its  coarser  particles.  The 
t^^pical  section  of  a  deposit  in  a  deep  shows  the 
coarsest  debris  below  and  the  finest  at  top, 
\vith  a  gradual  change. 

With  the  return  of  large  discharge  the  model- 
ing work  of  smaller  discharges  is  rapidly  ob- 
literated, and  the  debris  deposited  in  the  pools 
rejoins  the  tractional  and  suspended  loads. 

SECTIONS    OF    CHANXEL. 

Rock-waUed  channels  result  from  the  aggra- 
dation of  corraded  channels.  Often  they  are 
recurrent  temporary  conditions  of  corraded 
channels.  Their  widths  have  been  developed 
in  connection  with  the  work  of  conasion  and 
are  less  than  the  widths  of  alluvial  streams.  In 
the  fact  that  their  sides  are  immobile  they 
resemble  the  laboratory  channels,  and  their 
tj'pcs  of  cross  section  are  illustrated  by  the 
experiments  with  crooked  channels.  Tlic 
channels  of  aU  alluvial  streams  are  strongly 
asjTnmetric  at  the  bends,  and  in  the  meander- 
ing streams  the  bends  constitute  the  greater 
part  of  the  course.  Departure  from  symmetr\- 
is  less  pronounced  in  the  reaches  of  direct 
alluvial  streams,  but  even  there  a  close  approxi- 
mation to  symmetry  is  exceptionr.l. 

Alluvial  streams  tend  to  broaden  their 
channels  by  eroding  one  or  both  banks.  The 
influence  of  vegetation  opposes  tliis  tendencj-. 
Often,  the  erosion  of  the  bank  exposes  roots, 
and  some  trees  extend  rootlets  into  the  water. 
At  low  stages  the  bared  parts  of  the  flood 
channel  are  occupied  by  yoimg  plants.  In 
these  ways  vegetation  creates  obstacles  which 
retard  the  current  at  its  contact  with  the  bank 


and  thus  oppose  erosion.  If  the  current  is 
strong  erosion  is  merely  retarded,  not  pre- 
vented; if  the  current  is  weak  deposition  may 
be  induced.  As  a  meandermg  stream  en- 
croaches on  its  concave  bank,  the  convex  bank 
encroaches  on  the  stream,  and  channel  wddth 
is  maintained.  A  large  stream  is  less  affected 
than  a  small  stream  by  the  opposition  of 
vegetation  and  maintains  a  channel  of  rela- 
tively small  form  ratio. 

Some  streams  aggrade  so  rapidly  that  vegeta- 
tion does  not  secm'e  a  foothold.  By  erosion 
of  its  banks  such  a  stream  broadens  its  channel 
and  reduces  its  depth  untU  the  slackened 
current  clogs  itself  by  deposition  of  its  load. 
The  built-up  bed  becomes  higher  than  the 
adjacent  alluvial  plain,  and  the  stream  takes  a 
new  course.  Before  the  assumption  of  the 
new  course  the  banks  are  overtopped  by 
shallow  distributaries  which  deposit  their  loads 
on  the  banks,  thus  building  them  up,  until  the 
stream  is  made  to  flow  on  a  sort  of  elevated 
conduit;  and  when  the  main  body  of  water  at 
last  leaves  this  pathway,  it  is  apt  to  start  its 
new  com-se  with  a  steepened  slope  and  scour 
for  itself  a  relatively  narrow  channel. 

The  building  up  of  the  bank  by  deposition 
from  overflow  is  more  pronounced  m  the  pres- 
ence of  vegetation.  The  ridge  thus  created  is 
called  a  natural  levee.  Its  crest  separates  the 
channel  from  the  flood  plain  and  delimits  at 
flood  stage  two  provmces  in  which  the  condi- 
tions affectmg  transportation  are  strongly  con- 
trasted. In  both  provinces  the  general  slope 
of  the  water  surface  is  the  same,  but  the  broad 
sheet  covermg  the  plain  has  so  little  depth  that 
its  currents  are  sluggish.  Between  the  banks 
are  the  normal  chamiel  depths  and  currents, 
and  transportation  is  active,  alike  by  traction 
and  suspension.  Beyond  them  transportation 
is  effected  almost  wholly  by  suspension,  and 
the  coarser  particles  of  the  suspended  load  are 
deposited.  As  the  flood  subsides  the  lateral 
sheets  of  water  are  returned  to  the  main  chan- 
nel by  a  drammg  process  which  mvolves  the 
makmg  and  mamtenance  of  small  channels 
withm  the  plam. 

Wlien  the  channel  of  a  river  is  fully  adjusted 
to  the  discharge  the  same  load  is  transported 
through  each  section.  All  sections  are  then 
equally  adapted  to  transportation,  though  in 
different  ways.  The  most  symmetric  has  a 
wide  space  at  the  bottom  devoted  to  traction. 
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The  li^ast  symjnetric  lias  a  relatively  narrow 
tractional  space,  but  traction  is  there  relatively 
active.  The  partition  of  the  load  between 
traction  and  suspension  is  not  the  same  for  the 
two  sections,  the  tractional  load  havhig  the 
greater  range  in  the  symmetric  section  and  the 
suspended  load  in  the  asATiimetric. 

There  is  reason  to  believe  that  the  sectional 
area  is  about  the  same  in  different  parts  of  an 
adjusted  chamiel.  At  low  stages,  when  form 
is  least  adjusted  to  discharge,  the  sectional  area 
is  much  larger  for  the  asymmetric  sections. 
At  higher  stages  the  contrast  is  less,  and  the 
greater  area  may  be  associated  with  either  typo 
of  section.  It  is  also  true,  if  attention  be  re- 
stricted to  the  chamiel  proper  and  the  expan- 
sions over  flood  plains  be  excluded,  that  the 
variations  in  width  from  point  to  point  of  an 
adjusted  channel  are  not  of  large  amomit.  If 
it  were  strictly  true  that  both  sectional  areas 
and  widths  are  eciual  in  different  parts  of  an 
adjusted  channel,  it  would  follow  (1)  that  mean 
depths  are  equal,  and  (2)  that  form  ratios  are 
ecjual,  provided  form  ratio  be  defined  as  the 
ratio  of  mean  depth  to  \vidth.  Such  a  generah- 
zation,  while  crude  and  doubtless  subject  to 
important  quahfication,  nevertheless  warrants 
the  selection  of  mean  depth  rather  than  maxi- 
mum depth  as  th«e  quantity  to  be  used  in  ap- 
plying the  conception  of  form  ratio  to  rivers. 

Assuming  the  generaUzation  as  an  approxi- 
mation to  the  actual  fact  and  connecting  wdth 
it  the  fact  that  all  sections  of  an  adjusted  river 
are  equally  efficient  for  transportation,  we  are 
able  to  make  a  general  application  of  the 
laboratory  results  on  optimum  form  ratio  to 
rivers.  The  ratio  of  mean  depth  to  mdth  in 
alluvial  rivers,  as  a  class,  is  very  much  smaller 
than  in  the  laboratory  examples  bj"  means  of 
\yhich  the  optimum  ratio  was  discussed  in 
Chapter  IV.  It  is  so  much  smaller  that  the 
range  of  form  ratio  for  alluvial  rivers  overlaps 
but  slightly  the  range  observed  in  the  labora- 
tory. This  disparity  indicates,  though  without 
demonstrating,  that  the  form  ratios  of  the 
rivers  are  less  than  the  optimum,  and  that  their 
tractional  capacities  would  be  greater  if  they 
were  narrower  and  deeper.  As  the  optimum 
ratio  is  the  one  which  enables  a  stream  to 
transport  its  load  with  the  least  expenditure  of 
head,  it  is  probable  that  the  slopes  of  most 
alluvial  rivers  can  be  lessened  by  artificially 
reducing  their  widths. 


THE    SUSPENDED  iOAD. 

In  speaking  above  of  the  transfer  of  load  from 
traction  to  suspension  no  consideration  was 
given  to  capacity  for  suspension.  Certain  stu- 
dents of  rivers,  comparing  discharges  or  veloci- 
ties with  the  percentage  of  suspended  material 
and  findmg  a  rough  correspondence,  have  in- 
ferred that  suspended  load  is  a  function  of 
velocity;  others,  giving  attention  to  conspicu- 
ous examples  of  noncorrespondence,  have  in- 
ferred that  the  suspended  load  depends  only 
on  the  supply  of  suitable  material.  There  is  a 
•taeasure  of  truth  in  both  views,  and  their  diver- 
gence is  largely  to  be  explained  by  considera- 
tions connected  with  competence. 

The  subject  is  illustrated  by  observations  on 
the  suspended  load  of  Yuba  River.  Its  water 
was  sampled  during  flood  stages,  in  1879  '  at 
MarysvUle,  a  load  of  0.35  per  cent,  by  weight, 
being  found  when  the  discharge  was  estimated 
at  26,000  ft.Vsec,  and  a  load  of  0.42  per  cent 
when  the  discharge  was  18,000  ft.Vsec.  In 
1906,  at  a  time  when  the  discharge  was  esti- 
mated at  33,000  ft.Vsec,  samples  were  taken 
at  the  same  place  and  the  load  was  found  to 
be  oidy  0.005  per  cent.  At  the  time  of  the 
earher  samplings  hydrauhc  mining  was  in  full 
operation  in  the  basm  of  the  Yuba,  and  the 
suspended  load  consisted  chiefly  of  clay  com- 
ponents of  the  auriferous  gravels,  artificially  fed 
to  the  stream.  In  1906  there  was  Httle  hy- 
drauhc mming  and  the  suspended  load  con- 
sisted of  material  washed  from  the  surface  of 
the  land  by  rain. 

At  low  stages  in  1906  the  water  at  MarysviUe 
was  clear,  but  in  1879  a  sampling  when  the 
discharge  was  510  ft.Vsec.  gave  a  load  of  0.S6 
per  cent.  The  fact  that  the  river's  load  in  1879 
constituted  a  higher  percentage  at  low  stage 
than  during  flood  is  explained  by  the  considera- 
tion that  the  turbid  tributaries  from  the  mines 
were  less  diluted  by  other  tributaries  at  low 
stage  than  at  high. 

If  we  assume,  first,  that  0.065  per  cent,  ob- 
served at  flood  stage  in  1906,  represents  the 
normal  tribute  from  other  sources  than  mining, 
and,  second,  that  the  mmes  contributed  the 
same  total  amounts  at  low  and  high  stages  in 
1879  (discharges  being  510  and  18,000  ft.Vsec), 
and  if  we  base  on  these  assumptions  a  compu- 

'  Manson.  Marsden,  Report  of  detorminations  of  sediment  hold  insus- 
persion,  etc.:  California  State  Engineer  Report,  ISSO,  Appendix  B. 
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tation  of  the  low  stage  percentage  of  load  in 
1879,  we  obtain  an  estimate  of  12.6  per  cent, 
which  is  14  times  greater  than  the  observed 
load,  0.86  per  cent.  The  discrepancy  is  alto- 
gether too  great  to  be  accounted  for  by  errors 
in  the  expUcit  assumptions,  and  its  explana- 
tion involves  the  factor  of  competence.  The 
stronger  currents  of  flood  stages  were  compe- 
tent to  suspend  Jieavier  particles  than  were  the 
feeble  currents  of  low  stages,  and  so  a  part  of 
the  load  which  at  high  stages  reached  the  mouth 
of  the  river  at  Marysville  was  at  low  stages 
arrested  on  the  way,  being  deposited  in  the 
low-water  pools. 

In  these  cases  it  is  evident  that  the  range  of 
available  fineness  is  determined,  through  veloc- 
ity, by  discharge,  and  that  the  load  of  debris 
within  the  range  of  adequate  fineness  is  deter- 
mined by  supply.  The  load  appears  to  bear 
no  relation  to  capacity,  and  if  the  term  capacity 
be  used  in  the  broad  sense  of  a  stream's  ability 
to  suspend  material  of  unspecified  fineness,  then 
it  is  undoubtedly  true,  not  merely  of  the  Yuba 
but  of  all  rivers,  that  the  suspended  load  is  less 
than  the  capacity  and  depends  for  its  quantity 
on  supply.  If,  however,  capacity  be  considered 
with  reference  to  particular  degrees  of  fineness, 
the  case  is  somewhat  different,  for  a  stream 
may  carry  a  full  load  of  that  material  for  which 
it  is  barely  competent  and  at  the  same  time 
have  less  than  a  full  load  of  finer  material,  and 
the  matter  is  further  comphcated  by  interde- 
pendencies  in  virtue  of  which  each  element  of 
load  tends  to  limit  the  capacity  for  all  other 
elements  of  load. 

To  show  the  basis  for  these  statements  and 
also  to  explain  certain  mutual  relations  between 
traction  and  suspension,  it  is  necessary  to  give 
somewhat  elementary  consideration  to  the  sub- 
ject of  capacity  for  suspension. 

As  already  mentioned  and  implied  in  various 
connections,  the  process  of  suspension  depends 
on  the  diversity  in  direction  of  the  strands  of 
the  current.  If  the  lines  of  flow  were  parallel 
to  the  stream  bed,  as  is  sometimes  assumed  for 
the  sake  of  simpUf^-ing  mathematical  discus- 
sions, there  would  be  no  suspension.'     In  the 

1  There  is  a  theory  originating  with  Dupuit  (Etudes  snr  le  mouve- 
ment  des  eaux,  1S48)  that  suspension  is  due,  or  might  be  due  in  the 
ideal  case  of  parallel  flow  lines,  to  reactions  between  solid  particles  and 
contiguous  threads  of  current  having  different  velocities.  Under  the 
postulate  that  the  solid  tends  to  move  faster  than  the  liquid,  it  is  shown 
that  the  path  of  least  resistance  trends  obliquely  toward  the  swifter  of 
adjacent  threads  of  current,  and  therefore  obliquely  upward.  As  this 
theorj  retains  place  in  current  hydraulic  literature,  the  fact  that  it  is 


sinuous  and  swirhng  movements  which  charac- 
terize the  flow  of  streams  strands  of  current  are 
continually  passing  upward  and  downward  and 
are  as  continually  dividing  and  blending.  Par- 
ticles of  debris  too  hght  to  resist  the  lower  ele- 
ments of  the  current  are  swept  upward  and  are 
retained  in  the  body  of  the  stream  through  a 
process  analogous  to  the  stirring  of  the  domes- 
tic pot.  While  thus  incorporated  they  are 
impelled  downward  by  gravity,  and  all  but  the 

ignored  in  the  text  of  the  present  paper  may  call  for  explanation.  I  do 
not  accept  the  postulate  and  am  of  opinion  also  that  the  reasoning  based 
on  it  ignores  an  essential  factor.  As  a  full  statement  and  discussion  of 
Dupuit's  analysis  would  occup.v  much  space,  I  w'U  content  myself 
with  a  statement  of  my  own  view.  .V  good  abstract  of  his  theory,  by 
E.  n.  Hooker,  may  be  found  in  Am.  Soc.  Civil  Eng.  Trans.,  vol.  30,  pp. 
24(5-217,320-322. 

In  various  discussions  of  the  subject  the  velocities  are  treated  as 
"absolute"— that  is,  they  are  referred  to  the  fLxed  walls  and  bed  of  the 
channel.  As  the  only  possible  reactions  between  the  solid  particles  and 
contiguous  water  are  through  relative  velocities,  it  is  better  to  focus 
attention  on  those  by  referring  them  to  the  center  of  the  particle.  I,et 
us  assume  that  the  solid  particle  A ,  figure  70,  is  immersed  in  a  current 


Figure  70. — Diagram  of  forces. 

of  which  the  parallel  rectilinear  filaments  increase  gradually  in  "abso- 
lute'' velocity  from  below  upward,  and  let  us  assume  that  at  some 
im^tant  it  moves  with  the  velocity  and  direction  of  the  filament  which 
is  at  tlie  same  level.  Barring  extraneous  forces,  it  will  continue  indefi- 
nitely in  the  same  direction  and  i^ith  the  same  velocity.  The  filament 
above  moves,  wXih  reference  to  the  particle,  in  a  direction  indicated  by 
the  arrow;  the  filament  below  moves  in  the  opposite  direction.  Their 
relative  velocities  are  the  same,  except  for  a  possible  difference  of  the 
second  order  of  magnitude.  The  two  filaments  tend  to  draw  the  upper 
and  lower  parts  of  the  particle  in  opposite  directions,  and  the  result  is 
rotation.  This  is  the  onl>  result  dependent  on  the  fact  that  the  particle 
is  soUd.  Now  introduce  the  factor  of  density.  The  particle  is  denser 
than  water.  It  is  also  part  of  a  stream  which  is  flowing,  and  the  impulse 
It  receives  from  gravity  is  greater  than  it  would  receive  if  it  had  the 
density  of  water.  The  component  of  gravity  in  the  direction  of  flow, 
AB,  acting  on  the  excess  of  mass,  draws  the  particle  in  the  direction  of 
flow.  This  component  is  proportional  to  the  slope  of  the  stream,  which 
is  a  small  fraction.  At  the  same  time  the  component  of  gravity  normal 
to  the  direction  of  flow,  A  C,  also  draws  the  particle,  which  is  equally 
free  to  move  through  the  water  in  that  direction.  Its  actual  accelera- 
tion has  the  direction  of  their  resultant,  AG,  which  is  vertically 
do^vnward. 

Dupuit's  postulate  was  suggested  and  supported  by  the  observed 
fact  that  a  body  floating  down  a  stream  moves  faster  than  the  visible 
current.  B^rard  demonstrated  experimentally  that  the  differential 
motion  is  due  to  the  propulsion  of  the  body  by  strands  of  current  below 
the  surface.  See  Annaies  des  ponts  et  chauss^s,  6th  ser.,  vol.  12,  pp. 
830-S35, 1886. 
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very  finest.  actuaUy  move  downward  with  refer- 
ence to  the  surrountling  water.  From  time  to 
time  they  may  touch  the  stream  bed,  but  only 
to  be  lifted  again  by  the  next  adequate  rush  of 
water. 

Three  ways  are  known  in  which  the  veloci- 
ties of  a  stream  are  affected  by  the  suspended 
load.  In  the  first  place,  the  load  adds  its  mass 
to  the  mass  of  the  stream,  and  as  the  stream's 
energy  is  proportional  to  the  product  of  mass 
by  slope,  and  the  stream's  velocity  has  its 
source  in  this  energy,  the  addition  tends  to 
increase  velocity.  Second,  the  suspended  par- 
ticles are  continuaDy  impelled  downward  by 
gravity.  Aiso,  as  the  strands  of  current  con- 
taining them  have  curved  courses,  the  particles 
are  subject  to  tangential  force,  and  because  of 
their  higlier  density  this  force  is  greater  than  the 
force  simultaneously  developed  by  the  contain- 
ing water,  so  that  they  are  impelled  through  the 
water.  Motion  tlirough  the  water,  caused  by 
these  two  forces,  involves  work;  and  tliis  work 
is  a  direct  consequence  of  suspension.  Tlie 
energy  expended  is  potential  energy,  or  energy 
of  position,  given  to  the  particles  by  the  fiow- 
mg  water,  and  its  source  is  the  energy  of  flow. 
So  the  work  is  the  measure  of  the  work  of  tlae 
stream  in  suspending  the  particles.  It  may 
therefore  be  regarded  as  a  tax  on  the  stream's 
energy,  resulting  m  reduction  of  velocity. 
Third,  the  imperfect  liquid  constituted  by  the 
combination  of  water  and  debris  is  more  viscous 
and  therefore  flows  more  slowly  than  the  water 
alone.  The  soUd  particles  do  not  partake  of 
the  internal  shearing  involved  in  the  differen- 
tial movements  of  the  current,  and  by  their 
rigidity  they  restram  the  shearing  of  water  in 
their  immediate  vicinity.  Moreover,  each  par- 
ticle is  surrounded,  through  molecular  forces, 
by  a  sphere  or  shell  of  influence  which  still 
further  mterferes  with  the  freedom  of  water 
movement. 

The  relative  imjjortance  of  these  factors 
varies  witli  conditions,  and  no  sunjile  statement 
is  possible  because  the  influence  of  each  factor 
follows  a  law  pecuUar  to  itself.  The  most 
important  conditions  affecting  the  influence  of 
the  mass  of  the  load  are  discharge  and  slope, 
while  for  the  work  of  suspension  and  for 
viscosity  the  important  condition  is  the  degi'ee 
of  comnunution  of  the  load. 

The  mass  whicli  the  load  contributes  to  the 
stream  is  equivalent,  in  relation  to  potential 
20021°— No.  86—14 15 


energy,  to  an  increase  of  discharge,  and  its 
product  by  the  stream's  slope  is  proportional 
to  potential  energy  in  the  same  sense  in  wliich 
the  stream's  energy  is  proportional  to  the  pro- 
duct of  discharge  and  slope.  In  a  series  of 
experiments  with  loadless  streams  of  water 
flowing  in  straight  troughs,  the  mean  velocity 
was  found  to  vary  approximately  with  the  0.25 
power  of  the  discharge  and  the  0..3  power  of 
tlie  slope.  Under  the  particular  conditions  of 
these  experiments 

^  m  =  <?"■"'  '^'°-'  X  constant. 

Differentiating  with  reference  to  Q,  we  have 


(IV^^dQx 


0.2.5  S"-'' 

Q0.7S 


X  constant. 


The  increment  to  Q  being  interpreted  for  pres- 
ent purposes  as  the  suspended  load,  we  see  that 
the  corresponding  increment  to  mean  velocity 
has  a  magnitude  wliich  varies  directly  but 
slowl}^  with  the  slope  and  inversely  but  more 
rapidly  with  the  discharge. 

Each  particle  m  suspension  is  dra\vn  down- 
ward through  the  surrounduig  water  by 
gra-s-ity.  It  is  impelled  through  the  water  in 
an  ever-changuig  direction  by  tangential  force. 
The  average  speed  of  the  resultant  motions, 
refciTed  to  the  surrounduig  water,  is  greater 
than  the  constant  rate  of  descent  the  particle 
would  acquhe  if  smkhig  m  stUl  water.  There- 
fore the  work  of  suspension,  measured  by  all 
the  motions  through  the  water,  is  greater  than 
the  work  of  simple  subsidence,  a  quantity  as  to 
which  much  is  kno-mi.  The  measure  of  a 
particle's  work  of  subsidence  per  unit  tune  is 
the  product  of  its  mass,  less  the  mass  of  an 
equal  volume  of  water,  by  its  fall  m  unit  time 
by  the  acceleration  of  gravity.  If  we  call  the 
mass  of  the  particle  M  and  its  velocity  of 
subsidence  T'^,  and  assume  its  density  to  be 
2.7,  the  measure  of  the  work  of  subsidence  is 

]^MV,g  =  0.63  MV,g 

The  coordinate  measure  of  work  for  the 
stream's  flow  is  the  product  of  its  mass  by  its 
fall  in  unit  time  by  the  acceleration  of  gravity, 
and  the  contribution  which  the  particle,  con- 
sidered as  a  part  of  the  stream,  makes  to  the 
work  of  flow  is  therefore  measured  by  the 
product  of  its  mass  by  the  fall  of  the  stream  in 
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unit  time  by  the  acceleration  of  gravity.  As 
the  fall  of  the  stream  in  unit  time  is  equal  to 
the  mean  velocity  multiplied  by  the  slope,  the 
measure  of  the  particle's  work  of  flow  is  M.t  V^g. 
This  is  a  measure  of  the  particle's  contribution 
to  the  stream's  energy,  while  0.63  MV^g  is  a 
coordinate  measure  of  that  factor  of  its  draft 
on  the  stream's  energy  which  depends  on  the 
direct  action  of  gravity.  The  other  factor  of 
draft,  the  factor  dependmg  on  tangential 
forces,  varies  with  the  violence  of  vertical 
movements  and  is  of  comparable  importance 
only  in  the  case  of  torrents.  If  we  leave  it  out 
of  account,  the  result  of  the  comparison  is  that 
when  0.6.3  of  the  rate  at  which  the  particle  is 
pulled  through  the  water  by  gra%'ity  is  greater 
than  the  rate  at  which  it  falls  by  reason  of  the 
general  descent  of  the  stream,  its  tax  on  the 
stream's  energy  is  greater  than  its  contribution 
thereto.  Any  allowance  for  the  neglected 
factor  would  be  equivalent  to  increasing  the 
fraction  0.63. 

To  illustrate  this  relation  by  a  concrete 
example:  Mississippi  River  between  Cairo  and 
its  mouth  has,  at  flood  stage,  such  velocity  and 
slope  that  any  suspended  particle  of  silt  which 
would  suik  in  still  water  faster  than  half  an 
hich  a  mmute  retards  the  current  more  through 
the  work  of  suspension  than  it  accelerates  the 
current  through  the  addition  of  its  mass  to  the 
mass  of  the  stream. 

The  velocity  of  subsidence  has  been  elabo- 
rately studied.  So  far  as  river  problems  are 
concerned,  it  depends  chiefly  on  the  size  of  the 
suspended  particles.  For  particles  below  a 
certain  magnitude,  which  is  controlled  in  part 
by  impurities  m  solution,  the  velocity  is  zero. 
Between  two  critical  diameters,  which  for 
quartz  sand  are  about  0.02  and  0..5  millmieter  ^ 
(0.00007  and  0.00016  foot)  the  velocity  varies 
with  the  square  of  the  diameter.  Below  the 
lower  diameter  the  variation  is  more  rapid, 
and  above  the  upper  it  is  less  rapid,  becoming 
for  large  particles  as  the  square  root  of  the 
diameter. 

It  follows  that  the  consumption  of  energy- 
involved  in  the  suspension  of  the  suspended 
load  is  an  increasing  function  of  the  size  of  the 
particles  into  which  the  load  is  divided;  in 
other  words,  it  is  a  decreasing  function  of  the 
degree  of  comminution.     On  the  other  hand, 

1  Richards,  R.  H.,  Textbook  on  ore  dressing,  pp.  2f-2-2C8, 1909. 


the  contribution  which  it  makes  to  energy  by 
adding  its  mass  to  that  of  the  water  is  inde- 
pendent of  the  degree  of  comminution. 

The  viscosity  factor  is  not  easily  compared 
in  a  quantitative  way  ^\^th  those  just  consid- 
ered, but  something  may  be  said  of  the  laws 
by  which  it  is  related  to  comminution.  At- 
tending first  to  that  part  which  depends  on 
interference  with  internal  shearing  of  the  water, 
let  us  conceive  of  a  particle  %vith  center  at  C, 
figure  71,  surrounded  by  water  which  is  sub- 
jected to  uniform]}^  distributed  shearing  along 
planes  parallel  to  A^AA2B2BB^,  the  direction 
of  shearing  bemg  parallel  to  the  line  ACE. 
Conceive  a  right  cylindroid  figure  tangent  to 
the  particle  and  parallel  to  AB,  its  bases  being 
AJIAfi  and  B.EB^F.  Motions  bemg  re- 
ferred to  C  as  origin,  the  cylindroid  body  of 
water  would  assume  after  a  time,  but  for  the 
presence  of  the  particle,  the  form  of  the  oblique 
cylindroid  with  bases  AJI.A/r^  and  B.E^B^F^. 


Figure  71.— Interference  by  suspended  particle  with  freedom  of  shearing. 

Because  of  the  obstruction  by  the  rigid  par- 
ticle the  simple  shearing  motions  thus  indi- 
cated are  replaced  b}^  other  motions,  compo- 
nents of  which  are  normal  to  the  shearing 
planes.  It  is  assumed  that  the  sum  of  the 
transverse  elements  of  motion  measures  the 
action  occasioned  by  the  presence  of  the  par- 
ticle. The  actual  movements  caused  in  the 
water  doubtless  affect  regions  witliin  and  with- 
out the  cylindroid,  but  their  nature  need  not 
be  considered.  The  necessary  transverse  move- 
ments are  equivalent  to  the  transfer  of  a  lunate 
wedge  of  water,  HA^H^A^  to  a  symmetric 
position  on  the  opposite  side  of  the  plane 
.ij^ljiisi?!  and  a  similar  transfer  of  the  wedge 
FB^F^B^.  Linear  dimensions  of  the  first- 
named  wedge,  in  the  direction  of  rectangular 
coordinates,  are  A^A^,  HA,  and  HII^.  A^A^ 
equals  a  diameter  of  the  particle.  HA  equals 
a  semicUameter.  As  the  angle  HAH^,  being 
given  by  the  general  amount  of  shearing,  is 
independent  of  the  size  of  the  particle,  HH, 
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equals  ^4//xtan  HAII^  and  is  proportional  to 
a  diameter  of  the  particle.  On  the  assumption 
that  the  diameters  of  the  particle  are  equal  it 
follows  that  the  volume  of  the  wedge  is  pro- 
portional to  that  of  the  particle,  or  to  D^.  The 
distance  of  the  center  of  gravity  of  the  wedge 
from  the  plane  A^A2BJi^,  being  a  Unear  di- 
mension of  the  wedge,  is  proportional  to  D,  and 
the  mean  distance  of  transfer,  which  is  double 
that  distance,  is  also  proportional  to  D.  The 
quantity  of  motion  normal  to  the  shearing 
planes,  occasioned  by  the  particle,  is  measured 
by  the  wedge  of  water  tunes  the  mean  distance 
of  transfer,  and,  the  mass  of  the  wedge  being 
proportional  to  its  volume,  the  quantity  of 
motion  is  proportional  to  D^xD  =  D*.  The 
quantity  of  motion  occasioned  by  the  entire 
suspended  load,  all  its  particles  being  assumed 
to  have  the  same  size,  is  proportional  to  ND^, 
where  A' is  the  number  of  particles;  and  if  the 
mass  of  the  total  load  remain  unchanged  while 
its  degree  of  comminution  is  varied,  it  is  evident 
that  iV  varies  inverselj-  with  D^.  Therefore  the 
quantity  of  mternal  motion  occasioned  by  a 
particular  mass  of  suspended  matter  of  uniform 
grain  is  proportional  (since  D*ID^  =  D)  to  the 
diameter  of  its  particles.  The  fundamental 
assumption  of  the  analysis  is  that  this  motion 
measures  a  resistance  to  the  freedom  of  the 
water  which  is  coordinate  with  viscosity  and 
which  may  for  practical  purposes  be  considered 
as  an  adilition  to  the  resistance  arising  from 
the  viscosity  of  the  water. 

That  portion  of  the  viscosity  factor  wliich 
depends  on  the  molecular  influence  of  the 
particle  outside  its  boundary  is  still  less  sus- 
ceptible of  quantitative  estimate  but  may  yet 
be  discussed  with  reference  to  the  diameter  of 
the  suspended  particle.  In  ignorance  of  the 
exact  nature  of  the  influence  and  also  of  the 
law  by  which  it  diminishes  with  distance  out- 
ward from  the  boundan,',  I  assume  arbitrarilj- 
that  at  all  distances  from  the  particle  less  than 
Z  the  freedom  of  water  molecides  is  restricted, 
and  that  the  amount  of  restriction  is  measured 
by  the  volume  of  the  space  in  which  the  restric- 
tion is  experienced.  The  imperft-ction  of  this 
assumption  will  of  course  affect  any  tUnluction 

from  it.     That  volume  is  \  r.  (D  +  2JV-1  ^  D\ 
6  6 

For   the   entire    suspended    load,    assumed    to 

consist  of  N  equal  ])articl«'s,  the  total  volume 


is  N  times  as  great.  For  a  load  of  invariable 
weight  but  variable  comminution,  Noc^,  and 
the  total  volume  is  i)roi>ortional  to 


\n(^{D  +  2lY-D'^ 


or,  introducing  a  constant.  A',  and  reducing,  we 
have 


Volume  =  A" 


{C-P1') 


Evidently  the  influence  of  this  factor  varies 
inversely  with  D.  When  D  is  veiy  large  as 
compared  to  21,  it  approaches  zero;  when  D  is 
small  as  compared  to  2l,  it  is  relatively  very' 
great.  It  is  most  sensitive  to  the  control  by  D 
when  the  particles  are  very^  small. 

The  two  divisions  of  the  viscosity  factor  vaiy 
in  their  influence  on  velocity  vnXh.  the  conmiinu- 
tion  of  the  load  but  in  opposite  ways,  the 
influence  of  the  first  being  greater  as  the 
particles  are  larger  and  that  of  the  second  as 
they  are  smaller.  The  laws  of  variation  ar<> 
such  that  then-  combination  exhibits  a  mini- 
mum— that  is,  for  some  particular  size  of 
])article  the  influence  on  velocity  is  less  than 
for  particles  either  larger  or  smaller. 

Another  mode  of  treating  th(^  viscosity 
factor  assumes  that,  so  far  as  the  viscosity 
effect  is  concerned,  the  molecular  influence  is 
equivalent  to  an  enlargement  of  each  particle 
to  the  extent  of  I  on  all  sides.  Then,  reasoning 
as  before  with  reference  to  interference  vriih. 
shearing,  we  obtam 


Resistance  oc 


{D  +  21Y 


This  expression  is  not  only  simple  but  has  the 
advantage  of  gi'ving  definite  indication  of  the 
position  of  the  minimum.  The  resistance  is 
least  when  D  =  6l. 

We  may  now  bring  together  the  qualitative 
results  of  analysis,  and  write 

r™,=  T'„+  wt\(S,  $) -f,0)  -uih 

This  max  be  read:  The  mean  velocity  (1'^)  of 
a  stream  carrj-ing  a  load  of  suspendeil  debris 
of  diameter  D  equals  the  mean  velocity  (T'™) 
of  the  same  stream  when  \\-ithout  load,  plus  a 
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factor  due  to  the  weight  (W)  of  the  load  and 
varying  directly  with  the  slope  and  inverseh" 
with  the  discharge,  minus  a  factor  due  to  the 
work  of  suspension  and  var\^ng  directly  with 
the  diameter  of  particles,  minus  a  factor  due 
to  viscosity  and  varying  inversely  with  the 
diameter  if  the  particles  are  minute  and 
directly  with  the  diameter  if  they  are  larger. 

It  was  convenient  in  the  discussion  to  regard 
the  whole  suspended  load  as  of  one  grade,  but 
the  result  may  be  apphed  to  any  individual 
particle.  For  the  actual  stream  with  diversi- 
fied load  the  equation  might  be  written 

Vms=  v^+  wf,{S,  $)  -m^)  -mi»  -  -(111) 

An  investigation  of  the  influence  of  suspended 
matter  on  viscosity  has  recently  been  made  by 
Eugene  C.  Brigham  and  T.  C.  Durham.'  The 
materials  used  by  them  were  powders  so  fine 
that  their  tendency  to  settle  in  the  water  did 
not  interfere  with  the  conduct  of  the  experi- 
ments. The  work  of  suspension  was  therefore 
so  small  a  factor  as  to  be  neghgible.  Various 
mixtures  of  water  and  powder  were  allowed  to 
fiow  through  a  vertical  capillary  tube,  impelled 
by  their  own  weight,  and  the  time  of  trans- 
mission for  a  determinate  volume  was  noted. 
The  time  for  a  mixture  contammg  100  parts 
of  water  to  2.15  parts,  by  weight,  of  clay  was 
found  to  be  15  per  cent  greater  than  the  time 
for  clear  water;  or  the  average  velocity,  within 
a  slender  tube,  was  reduced  15  per  cent  by  the 
addition  of  the  clay.  If  we  assume  the  flow 
fines  to  have  been  paraUel,  as  was  probable, 
the  theoretic  increment  of  velocity  due  to  the 
weight  added  by  the  clay  was  1.6  per  cent;  if 
the  flow  lines  were  sinuous,  the  theoretic  incre- 
ment was  less.  The  loss  of  velocity  due  to 
increased  viscosity  was  therefore  somewhat 
greater  than  15  per  cent  and  may  have  been 
as  much  as  16.6  per  cent.  Had  the  experiment 
been  so  arranged  as  to  involve  sinuous  or  tur- 
bulent flow,  it  would  apply  more  cogently  to 
the  phenomena  of  rivers,  but  without  that 
adjustment  it  serves  to  show  that  when  the 
suspended  material  is  exceedingly  fine  the  loss 
of  velocity  through  added  viscosity  is  very 
much  greater  than  the  gain  of  velocity  because 
of  added  weight. 

The  size  of  the  particles  was  not  reported, 
but  the  fact  that  the  rate  of  settUng  was  in- 

1  Am.  Chem.  Jour.,  vol.  4(i,  pp.  27S-297,  WU. 


appreciable  suggests  that  their  size  may  have 
fallen  below  that  corresponding  to  a  minimum 
influence  on  viscosity.  Some  fight  is  thrown 
on  this  point  by  the  results  obtained  with  other 
fine  powders.  Interpolation  froin  the  reported 
data  gives  the  following  comparative  estimates 
of  the  loss  in  velocity  from  the  suspension  of 
the  same  volumes  of  three  substances:  Infu- 
sorial earth,  3  per  cent;  graphite,  12  per  cent; 
cla}-,  15  per  cent.  Of  these  the  infusorial  earth 
was  coarsest,  remaining  in  suspension  largely 
because  differing  little  in  density  from  the 
water,  while  the  graphite  was  a  commercial 
variety  said  to  be  permanently  suspended.  An 
independent  determination  by  L.  J.  Briggs  and 
Arthur  Campbell  ^  gave  a  loss  in  velocity  of 
7  per  cent,  the  material  bemg  a  clay  which 
"would  not  remain  m  a  state  of  permanent 
suspension."  The  comparative  data  render  it 
probable  that  the  clay  causing  a  retardation 
of  15  per  cent  was  so  finely  divided  as  to  give 
great  effect  to  the  molecular  forces  of  the  sheU 
of  infiuence. 

The  data  from  infusorial  earth  are  useful  in 
correlating  the  various  factors  which  modify 
the  stream's  velocity.  Assuming  that  the  dia- 
tom tests  composing  the  earth  sample  were 
similar  to  those  figured  in  geologic  textbooks, 
I  have  estimated  the  velocity  of  subsidence  of 
particles  having  the  same  size  but  as  dense  as 
ordinary  river  silt  and  find  that  it  corresponds 
to  the  critical  velocity  comjjuted  for  the  IVIis- 
sissippi  at  flood  stage.  That  is,  a  suspended 
silt  so  fine  as  to  have  a  large  viscosity  effect,  so 
that  a  charge  of  2.15  per  cent  reduces  velocity 
by  3  per  cent,  is  at  the  same  time  able,  through 
its  work  of  suspension,  to  consume  all  the 
energy  it  contributes  to  the  current  through 
its  addition  of  mass.  A  finer  silt  would  retard 
more  by  increasing  viscosity,  and  a  coarser  silt 
would  retard  more  through  the  work  of  sus- 
pension. 

The  available  data  are  not  fully  demonstra- 
tive, but  they  render  it  highly  probable  that, 
under  all  conditions,  streams  are  retarded  by 
their  suspended  loads.  If  that  be  true,  there 
is  a  capacity  for  suspension  coordinate  with 
capacity  for  traction.  For  each  grade  of  sus- 
pended debris,  and  with  any  particular  slope 
and  discharge,  it  is  possible  by  increasing 
the  load  so  to  retard  the  current  that  it  is 

2  Unpublished;  communicated  in  letter. 
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barely  competent  to  suspend  debris  of  that 
grade,  and  the  stream  is  then  loaded  to  its  full 
capacity. 

In  a  natural  stream  the  suspended  particles 
are  of  many  sizes,  and  all  tend  to  reduce  ve- 
locity. Some  of  the  particles  are  near  the 
limit  of  competence,  and  any  mcrease  of  load 
will  so  reduce  velocity  that  these  can  no  longer 
be  upheld.  As  to  these  coarsest  particles  the 
stream  is  loaded  to  full  capacity,  but  not  as  to 
finer  material.  The  addition  of  fine  material 
will  cause  the  arrest  of  some  of  the  coarser, 
but  will  increase  the  total  load.  An  exactly 
parallel  sttitement  may  be  made  as  to  the  frac- 
tional load. 

To  recur  to  the  laboratory  determinations  of 
retardation  by  suspended  material,  it  is  of  in- 
terest to  note  that  the  loads  tested  in  the  ex- 
periments, wliile  greater  than  those  ordinarily 
found  in  rivers,  are  representative  of  flood 
conditions  in  the  more  turbid  streams.  The 
load  of  2.15  per  cent,  wliich  caused  retardations 
of  3  to  15  per  cent,  is  equaled  by  ordinary  floods 
of  the  Colorado  of  the  West  and  is  exceeded 
by  ordinary  floods  of  the  Rio  Grande  and  the 
Pecos.  For  the  Rio  Grande  there  are  several 
records  in  the  neighborhood  of  10  per  cent,* 
and  small  streams  in  arid  lands  are  hable  to 
receive  similar  loads  as  a  result  of  ^^olent  local 
storms.  On  the  other  hand,  the  Mississippi 
near  its  mouth  carries  an  average  load  of  only 
0.07  per  cent,  with  a  recorded  maximum  of 
0.8  per  cent.^ 

An  attempt  was  made  to  measure  the  re- 
tardation of  the  current  by  tractional  load.  It 
was  assumed  that  the  bed  resistance  of  a  loaded 
stream  has  two  parts,  one  due  to  the  texture 
of  the  bed,  the  other  to  the  work  of  traction, 
and  that  the  reduction  of  velocity  by  traction 
could  be  measured  by  comparing  speeds  of 
loaded  and  unloaded  streams  on  beds  of  the 
same  texture  and  slope.  A  series  of  experi- 
ments were  accordingly  performed  with  un- 
loaded streams  flowing  over  beds  composed  of 
fixed  grams  of  debris,  or  debris  pavements, 
and  it  was  thought  tluit  their  mean  velocities 
would  be  materially  higher  than  those  observed 
with  streams  otherwise  similar  but  bearing 
loads.     "Wlien  the  comparison  was  made,  how- 

1  r.  S.  Geol.  Sun-ey  Water-Supply  Paper  274,  pp.  102-104, 1911. 

-  The  average  is  on  authority  of  Humphreys  and  Abbot  (Physics  and 
hydraulics  of  the  Mississippi):  the  maximum  is  from  an  observation 
reported  by  J.  A.  Seddon  (Rept.  Chief  Eng.  U.  S.  A.,  1887,  p.  3094)— 
"2.31.9  grams  per  cubic  foot." 


ever,  it  was  found  that  in  11  out  of  10  experi- 
ments the  observed  velocities  were  higher  with 
loailed  than  with  unloaded  streams;  and  the 
average  of  the  16  results  was  of  the  same 
tenor,  ascribing  a  slight  excess  of  velocity  to 
the  loaded  streams.  As  the  estimates  of  mean 
velocity  had  been  based  on  observations  of 
depth,  antl  as  the  observations  of  depth  were 
difficult  in  the  case  of  loaded  streams,  it  was 
thought  possible  that  the  result  was  affected 
by  a  sj'stematic  error  in  those  depth  measure- 
ments which  had  been  made  by  means  of  the 
gage  (p.  25).  Examples  were  therefore  sought 
in  which  the  depth  had  been  obtained  by  com- 
paring the  average  height  of  the  water  surface 
during  the  run  with  the  average  height  of  the 
debris  bed  after  the  water  had  been  drawn  off. 
Thirteen  instances  were  found  m  which  such 
better-conditioned  measures  could  be  com- 
pared with  measures  of  unloaded  streams,  and 
in  11  of  the  13  comparisons  the  unloaded 
streams  gave  the  higher  mean  velocities.  The 
average  of  the  13  velocities  found  for  loaded 
streams  was  10  per  cent  less  than  the  corre- 
sponding average  for  unloaded  streams.  The 
best  of  the  available  data,  therefore,  give  evi- 
dence of  the  consumption  of  stream  energy  by 
traction,  but  the  evidence  is  not  so  consistent 
as  to  free  the  matter  from  doubt.  In  Table  80 
y^;  and  Vmu  represent  the  mean  velocities  of 
loaded  and  unloadeil  streams,  and  the  various 
data  are  arranged  accordmg  to  the  magnitude 
of  the  ratio  of  these  velocities.  This  arrange- 
ment brmgs  out  the  apparent  fact  that  the  re- 
duction of  mean  velocity  by  traction  is  greater 
for  small  loads  than  for  large,  for  gentle  slopes 
than  for  steep,  for  low  velocities  than  for  high, 
and  for  large  depths  than  for  small.  "VMiile  it 
is  entirely  possible  that  such  a  result — a  result 
opposed  to  my  preconceptions — has  been  occa- 
sioned by  a  systematic  error  of  observation,  I 
am  disposed  to  regard  it  rather  as  the  expres- 
sion of  some  physical  law  which  has  escaped 
my  analysis.  It  is  possibly  connected  with  a 
fact  brought  out  in  the  following  chaj)ter  in 
the  discussion  of  vertical  velocity  curves — the 
fact  that  addition  of  load  Ivis  a  pronounced 
influence  on  the  distribution  of  velocities,  in- 
creasing the  contrast  between  velocities  near 
the  bed  and  the  mean  velocity. 

If  the  variations  of  the  load  effect  be  ignored 
and  attention  given  only  to  the  means  of  quan- 
tities compiled  in  the  table,  it  appears  that  10 


230 


TRANSPOKTATION    OF    DEBEIS   BY    RUNNING    WATER. 


per  cent  average  reduction  of  velocity  corre-      cubic  foot  of  discharge,  or  0.52  per  cent,  by 
sponds  to  an  average  load  of  148.5  gni./sec.  per      weight,  of  tractional  load. 

Table  SO. — Comparison  of  mean  velocities  of  streams  trith  and  without  tractional  load. 
(Width,  1.00  foot.] 


Grade  of 
debris. 

Dis- 
charge. 

Slope. 

Load. 

Duty. 

Depth  of 
unloaded 
stream. 

V,„l 

Tmu 

Vml 
Vmu 

(D) 
(D) 
(D) 
(B) 
D) 
(B) 
(D) 

(2> 

(B) 
(B 
(B) 
(D) 
(D) 

Fl.'Iscc. 
0.734 
.734 
.363 
..363 
.363 
.363 
.363 
.545 
.734 
.734 
.734 
..363 
.363 

Per  cent. 
0.37 
.32 
.43 
.43 
.38 
.54 
.35 
.53 
.38 
.48 
.54 
2.11 
1.94 

Gm.lsec. 
21 
12 
12 
21 
23 
25 
12 
30 
38 
52 
80 
258 
229 

Gm.lsec. 
28.6 
16.4 
33.1 
58.0 
63.4 
69.0 
33,1 
55.0 
51.7 
70.8 
109.0 
711.0 
632.0 

Foot. 

0.410 
.411 
.229 
.193 
.199 
.176 
.224 
.240 
.267 
.256 
.241 
.098 
.099 

Ft.lsec. 
1.79 
1.79 
1.97 
1.88 
1.82 
2.03 
1.62 
2.27 
2.75 
2.  S7 
3.04 
3.70 
3.66 

Ft.lsec. 
2.43 
2.35 
1.97 
2.29 
2.15 
2.39 
1.87 
2.46 
2.92 
3.03 
3.10 
3.37 
3.30 

0.74 

!n2 
.S3 
.M 

'92 
.94 
.  93 
.9S 
1.10 
1.11 

14S.5 

1 

.90 

1                    1 

THE    TWO    LO.\DS. 

The  reaction  of  tractional  load  on  velocity 
affects  prunarily  and  chiefly  the  zone  of  salta- 
tion, but  there  is  also  a  general  retardation  of 
the  stream.  The  reaction  of  suspended  load 
reduces  all  velocities,  mcludhig  those  of  the 
tractional  zone.  Thus  the  magnitude  of  each 
load  affects  capacity  for  the  other  load,  and  it 
also  affects  the  conditions  of  competence  for 
suspension  and  competence  for  traction. 

As  all  parts  of  the  load  influence  velocity,  so 
all  parts  influence  the  general  slope  of  an  allu- 
vial stream,  which  is  automatically  adjusted 
so  as  to  give  to  the  discharge  the  ability  to 
transport  all  the  material,  coarse  and  fine, 
wliich  is  suppUed.  The  adjustment  is  actuaUy 
made  through  the  coarser  material,  for  the  per- 
manent deposits  of  the  stream  bed  are  from 
the  fractional  load. 

Along  with  the  adjustment  of  slope  goes  an 
automatic  partition  of  the  varied  loatl  into  sus- 
pensional  and  tractional.  If  the  lower  Missis- 
sippi, for  example,  were  to  be  supplied  for  the 
future  with  only  that  part  of  its  load  which  is 
n.ow  carried  in  suspension,  it  would  so  reduce 
its  slope  that  the  slackened  current  would  drop 
a  portion  of  that  load  and  thereafter  move  it 
by  traction.  If,  on  the  other  hand,  the  rivei* 
were  to  be  deprived  of  the  fine  debris  now  car- 
ried in  suspension,  it  would  so  quicken  its  cur- 
rent as  to  lift  into  suspension  a  portion  of  the 
debris  now  carried  by  traction  and  would 
adjust  its  slope  in  such  way  as  to  maintain  the 
partition  of  load. 


An  exception  to  the  general  law  of  automatic 
partition  is  found  when  the  load  has  only  small 
range  in  fineness,  and  tliis  was  illustrated  bv 
the  artificial  conditions  of  the  laboratory';  but 
it  is  not  known  that  natural  streams  illustrate 
the  exceptional  case. 

This  phase  of  river  adjustment  is  well  illus- 
trated by  Yuba  River,  wliich  I  stutlied  in 
1904-1908.  Where  it  issues  from  the  moun- 
tains it  carried  a  heavy  load  of  coarse  debris 
with  wliich  it  was  building  up  its  bed  at  the 
edge  of  the  Sacramento  Galley.  A  dam  tliro\vn 
across  it  in  the  region  of  deposition  arrestee' 
the  tractional  loatl  for  a  time  and  gave  an 
opportmiity,  by  the  aid  of  measurements,  to 
estimate  its  amount.  There  were  also  samp- 
lings of  the  water  and  measurements  of  sus- 
pended load.  The  tractional  load  consisted 
mainly  of  gravel,  with  coarse  sand  and  many 
bowlders,  and  the  suspended  load  during  flood 
inclufled  sand  and  finer  debris.  Fifteen  miles 
below,  near  the  mouth  of  the  river,  the  trac- 
tional load  consisted  of  sand,  with  rare  small 
pebbles,  and  only  claj^  and  silt  were  in  suspen- 
sion. Here,  too,  the  load  suspended  at  flood 
stage  was  estimated  from  a  sampling  of  the 
water.  A  computation  based  on  the  various 
data  indicated  that  at  flood  stages  the  sus- 
pended load  was  approximately  equal  to  the 
tractional  load  at  each  of  the  two  localities.' 
Wliile  the  data  for  this  estimate  were  imp(>rf<>ct 
m  many  waj^s,  they  were  nevertheless  better 
than  any  other  with  which  I  am  acquainted. 


1  A  somewhat  fuller  statement  may  be  found  in  Geol.  Soc.  .Vraerica 
Bull.,  vol.  IS.  pp.  G57-65S.  1S9S. 
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Information  as  to  suspended  loads  is  faii'ly 
abundant,  but  there  are  no  satisfactory  data 
as  to  the  complementary  tractional  loads. 

The  character  of  the  jiartition  of  load  depends 
in  each  particular  instance  on  the  relative 
proportions  of  the  various  grades  in  the  debris 
mth  which  the  stream  is  supplied.  It  varies 
from  point  to  point  along  the  course  of  the 
same  stream.  In  the  case  of  Yuba  River  the 
variation  was  due  to  the  fact  that  exceptional 
contUtions  created  by  hydraulic  muiing  had 
thrown  the  bed  profile  out  of  adjustment;  and 
many  other  streams  are  deahng  with  new  and 
man-made  conditions;  but  natm-al  streams 
also  have  strongly  contrasted  load  conditions 
in  tlifferent  parts  of  theu'  courses.  These  arise, 
fh-st,  from  the  diversity  of  detritus  furnished 
by  tributaries,  and,  second,  from  the  gi-adual 
comminution  of  the  load  as  it  is  borne  along. 

The  partition  of  load  is  greatly  modified  by 
variation  of  discharge  and  bj^  temijoraiy  con- 
ditions of  debris  suppl}'.  A  nimiber  of  changes 
due  to  varying  discharge  have  alreaily  been 
mentioned.  The  changes  in  velocity  affect  the 
grade  of  fineness  marking  the  plane  of  partition. 
With  reduction  of  tlischai^e  from  a  flood  stage, 
the  conditions  of  partition  come  to  differ  in 
pools  and  over  shoals,  and  usually  suspension 
ceases  altogether,  while  traction  is  still  con- 
tinued on  the  shoals.  With  flood  discharge, 
also,  the  partition  is  probably  not  quite  the 
same  for  deep  and  shoal,  a  portion  of  the  load 
traveling  by  suspension  through  the  deeps  but 
by  traction  over  the  shoals. 

When  a  flood  is  occasioned  by  heayj'  rains 
the  fine  particles  of  soil  are  washed  to  the 
stream,  with  the  result  (1)  that  the  suspended 
load  is  relatively  large  and  (2)  that  the  limit- 
ing grade  is  relatively  fine.  When  an  equal 
flood  is  caused  by  snow  melting,  without  rain, 
the  suspended  load  is  smaller  and  the  limitmg 
grade  coarser;  in  extreme  cases  there  may  be  no 
suspension  whatever.  While  a  river  is  at  low 
stage  and  without  load,  a  local  shower  may  wash 
to  it  a  temporary  supply  of  debris  of  which  onh- 
the  finer  part  will  be  immediately  trans])orted, 
giving  suspension  without  traction. 

The  partition  of  load  also  varies  greatly  from 
point  to  point  in  the  same  cross  section,  com- 
petence for  suspension  and  traction  both 
respontling  to  the  control  of  velocity. 

Despite  these  variable  factors,  it  is  quite 
possible  that  in  the  entii'e  load  of  a  stream 


large  enough  to  be  called  a  river  there  is  a 
fauly  definite  ratio  between  suspension  and 
traction.  Knowledge  of  that  ratio  would  be  of 
practical  importance  to  the  engineer  and  geolo- 
gist, because  the  measm-ement  of  the  tractional 
load  is  always  difficult,  while  measurement  of 
the  suspended  load  is  merely  a  matter  of  rou- 
tme  and  patience.  The  estimate  afforded  by 
the  Yuba  is  a  rough  apj^roximation  and  is 
qualified  by  the  fact  that  the  stream  had  not 
an  established  regimen  but  was  engaged  in 
adjustmg  its  slope  to  new  conditions  of  load. 

Of  other  estimates  of  tractional  load,  the  one 
most  often  quoted  is  that  of  Humphreys  and 
Abbot.  They  fomid  that  the  bar  across  one  of 
the  mouths  of  the  Mississippi  increased  its 
width  at  the  top  at  the  rate  of  338  feet  a  year 
and  that  the  material  added  was  similar  to  that 
of  the  tractional  load.  Assuming  that  the 
deposit  had  an  outward  extent  to  the  depth  of 
100  feet  and  a  transverse  extent  equal  to  the 
^v•idths  of  aU  the  mouths,  they  made  a  compu- 
tation from  which  the  tractional  load  was 
estimated  at  11  per  cent  of  the  suspended 
load.' 

An  elaborate  stud}^  of  the  loads  of  the  Rhone 
was  made  by  Adol])he  Guerard,-  who  measured 
the  suspended  material  by  samjihng  the  water 
for  two  years  and  computed  the  total  output 
from  the  soimdmgs  of  the  sea  bed,  the  survey 
of  wloich  had  been  repeated  after  an  interval 
of  31  years.  He  found  the  suspended  load  less 
than  one-fom"th  of  the  whole.  Various  partiiil 
estimates  have  been  based  on  the  marcli  of 
subaqueous  dunes.  Where  the  volimae  of  a 
dune  and  its  rate  of  progression  arc  known, 
their  product  determmes  definitely  a  part  of 
the  load,  and  if  the  data  cover  a  year  they 
Afield  at  once  a  minimum  estimate  for  the 
annual  load.  Some  large  dunes  in  various 
streams  have  been  reported  to  persist  from 
year  to  year,  Avith  progressive  change  of  posi- 
tion, but  Arthur  Ilider,  who  kept  two  tracts  of 
the  Mississip])i  channel  under  observation  for 
about  a  year,  found  that  the  dunes  were  re- 
peatedh'  r(>adjusted  in  respect  to  size  as  the 
riA'er  stage  changed,  so  that  none  could  be 
identified  through  long  periods,  while  the 
epochs  of  readjustment  were  characterized  by 
general  deposition  or  general  scour,  which 
coidd  not  be  accomited  for  as  a  result  of  the 

1  Hydraulics  of  the  Mississippi,  p.  149. 

-  Inst.  Civil  Kng.  Proo.,  vol.  SJ,  pp.  308-310,  18So. 
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dune  transformations.'  A  similar  remodeling 
was  observed  by  Partiot  in  the  Loire.^  Hider 
estimated  the  whole  movement  in  dmies  as 
14,800  cubic  yards  in  24  hours,  which  corres- 
ponds to  2.2  per  cent  of  the  average  suspended 
load  reported  by  HumphreA-s  and  Abbot;  but 
lus  judgment  was  that  the  entire  movement  of 
debris  along  the  bed  was  at  least  ten  times  as 
great  as  the  movement  in  dunes. 

As  a  generalization  from  extensive  observa- 
tions of  dunes  m  the  river  Loire,  Sainjon  formu- 
lates their  rate  of  advance  when  the  material  is 
sand  as  a  function  of  surface  velocity,  Fj.  In 
his  equation  ^ 

Advance  =  0.00013  (  TV-0.11) 

the  units  are  metric.  Substituting  feet  for 
meters,  we  have 

Advance  =  0.00004  (  T^-LIS) 

The  associated  average  height  of  dune  crests  ■* 
is  0.77  meter,  or  2.54  feet.  As  the  mean  height 
of  a  dune  is  appro .ximately  one-half  the  height 
of  its  crest,  we  may  multiply  the  rate  of  advance 
by  2.54/2  and  obtain 

0.00005  (  TV- 1.18) 

as  an  expression  for  the  Loire's  load  of  sand 
carried  in  dunes,  for  each  foot  of  chaimel  width 
occupied  by  dunes.  In  a  later  discussion  by 
Lechalas  (see  p.  193)  it  is  shown  that  Sainjon's 
formula  does  not  apply  to  surface  velocities 
above  3.3  ft. /sec,  the  rate  of  dune  advance  being 
then  checked  because  part  of  the  sand  escapes 
into  the  body  of  the  current  and  is  not  added 
to  the  downstream  faces  of  the  dunes;  but  the 
observations  on  dunes  constitute  the  quanti- 
tative basis  of  the  formulation  of  debris  trans- 
portation by  Lechalas,  of  which  an  account  is 
given  in  Chapter  X. 

In  this  connection  mention  may  be  made  of 
moving  sand  bodies  of  a  different  order  of  mag- 
nitude and  probably  of  a  different  type.  They 
are  greater  than  the  dunes  of  the  same  stream 
and  are  coordinate  in  size  with  the  bars  sepa- 
ratmg  deeps  but  are  distinguished  from  the 

I  Mississippi  River  Comm.  Kept,  for  1SS2,  pp.  80-88.  Observations 
by  W.  H.  Powless,  made  at  a  different  place  and  in  another  year,  are  of 
the  same  tenor.    See  idem  for  1881,  pp.  06-120. 

s  Annales  des  ponts  et  chauss^s,  M(?m.,  oth  set.,  vol.  1,  p.  270,  1871. 

3  Quoted,  with  some  of  the  data,  by  Partiot,  idem,  pp.  271-27.3.  The 
coefficient  is  there  erroneously  given  as  0.0013. 

*  Given  by  Lechalas  in  the  same  volume,  pp.  387-388. 


bars  by  their  migration  downstream.  In  some 
of  the  "regularized"  streams  of  Europe,  where 
the  main  channel  is  artificially  restricted  to 
curves  of  large  radius,  they  are  developed  in 
systematic  alternation  at  the  two  sides,  and  the 
thalweg  winds  between  them.'  In  the  Missis- 
sippi they  sometimes  appear  in  the  reaches. 
Their  progress  downstream  is  accomphshed  by 
deposition  on  forward  slopes  and  erosion  of  rear 
slopes,  but  the  forward  slopes  are  not  steep,  like 
those  of  dunes,  and  their  material  is  not  wholly 
derived  from  the  fractional  load.  Blasius  '  re- 
gards them  as  essentially  dunes,  correlating 
them  specifically  with  dunes  of  reticulated  pat- 
tern. My  own  view,  not  necessarily  inconsist- 
ent with  his,  connects  them  with  the  fixed  bars 
separating  the  deeps  of  a  meandering  stream. 
A  free  stream  does  not  tolerate  a  straight  chan- 
nel. If  a  straight  channel  of  moderate  width  be 
given  to  a  stream,  the  current  swings  rhyth- 
mically to  right  and  left,  and  if  the  banks 
yield  it  develops  meanders.  The  meanders 
then  migrate,  according  to  laws  of  their  o^^ai, 
and  the  bars  are  fixed  in  relation  to  the  mean- 
ders. If  the  banks  do  not  yield,  the  system  of 
shoals  and  deeps  estabhshed  by  the  swinging 
current  migrates  slowly  downstream.  It  is 
evident  that  the  migration  of  these  shoals  is 
one  of  the  factors — and  may  be  an  important 
factor — in  the  work  of  transportation;  and  also 
that  every  measurement  of  the  migration  of  a 
shoal  is  a  partial  measurement  of  load. 

Pilots  of  Mississippi  steamboats  observe 
that  the  bars  at  crossings  are  built  up  by  floods, 
and  such  changes  have  been  measured  by 
engineers.  The  generalization  has  sometimes 
been  made  that  deposition  is  a  specific  function 
of  floods,  but  a  more  satisfactory  interpretation 
is  given  by  McMath,'  who  maintains  that  the 
rising  river  scours  from  the  deeps  to  de])osit  on 
the  shoals,  and  the  fallmg  river  scours  from 
the  shoals  to  deposit  in  the  deeps.  The 
transfers  are  the  joint  work  of  traction  and 
suspension.  As  such  changes  of  the  stream 
bed  are  measurable  they  afl'ord  quantitative 
data  as  to  load,  and  it  was  from  then  observa- 
tion that  Hider,  as  previously  quoted,  inferred 
that  the  dune  movement  in  the  Mississippi 
includes  but  a  small  fraction  of  the  fractional 
load.  V 

'-  Engels,  H.,  Zeitschr.  Bauwesen,  vol.  55,  pp.  664-880, 1905. 

«  Idem,  vol.  CO,  pp.  465-472,  1910. 

'  Mississippi  River  Comm.  Rept.  for  lS>il,  p.  252. 
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The  dune  movement,  the  migrations  of 
gi-eater  bars,  and  the  transfers  of  debris  from 
deep  to  sho<il  and  shoal  to  deep  are  all  compe- 
tent to  give  information  as  to  tractional  load, 
but  the  estimates  they  give  are  minimum 
estimates,  to  be  supplemented  by  cstunates  of 
the  material  which  at  flood  stages  is  swept 
steadily  along  without  contributing  to  any  of 
the  temporary  deposits  in  such  way  as  to  be 
accessible  to  measurement. 

AVAILABILITY  OF  LABORATORY  RESULTS. 

THE    SLOPE    FACTOR. 

We  are  now  ready  to  inquire  whether,  m 
view  of  the  diversities  and  complexities  affect- 
ing traction  by  natural  streams,  the  formula 
for  tractional  capacity  derived  under  the 
comparatively  simple  conditions  of  the  labora- 
tory is  of  practical  value  in  connection  with 
natural  streams.  The  four  factors  of  the 
formula  may  first  be  considered  separately. 

The  general  slope  of  a  stream  is  the  cjuotient 
of  fall  by  distance,  the  distance  bemg  taken 
along  the  stream's  course.  It  is  best  measured 
at  high  stage,  because  the  chief  work  of  grading 
the  channel  is  accomplished  by  floods. 

With  reference  to  variations  in  capacity  at  a 
single  locality,  slope  does  not  enter,  the  varia- 
tions being  referred  to  discharge;  but  account 
must  be  taken  of  slope  in  comparing  different 
divisions  of  the  same  stream  and  in  comparing 
one  stream  with  another. 

In  all  such  cases  the  stream's  slope  is  as 
definite  a  quantity  and  is  susceptible  of  as 
precise  measurement  as  is  the  slope  of  the 
laboratory  channel.  It  differs  as  to  its  repre- 
sentative character.  The  laboratory  slope  is 
connected  with  a  single  discharge  and  a  smgle 
grade  of  debris  of  detcrnimable  fineness.  The 
slope  of  the  natural  stream  does  not  represent 
the  adjusting  work  of  a  determinable  discharge 
but  is  a  compromise  product  of  the  work  of 
many  discharges,  and  it  is  usually  true  that 
the  velocities  associated  with  these  discharges 
have  determined  equally  diverse  mean  fine- 
nesses of  debris.  The  work  of  the  natural 
stream,  moreover,  has  been  characterized  by 
greater  diversity,  from  pouit  to  pomt,  of  the 
bed  velocities,  and  its  system  of  velocities  has 
been  regulated  in  part  by  suspended  load. 

These  difficulties  would  prove  insuperable  if 
attempt  were  made  to  infer  the  capacity  of  a 
natural    stream   from    that    of    a    laboratory 


stream,  but  they  are  not  necessarily  important 
in  transferring  a  law  of  variation  from  a  group 
of  laboratory  streams  to  an  equally  harmonious 
group  of  naturalstreams.  If  the  diversification 
of  discharges  and  finenesses  is  of  the  same  type 
for  the  examples  of  natural  streams  between 
which  comparison  is  made,  it  may  well  be  that 
the  slopes  are  comparable,  one  with  another, 
in  the  same  sense  in  which  they  are  comparable 
in  laboratory  work,  and  that  their  relations  to 
capacity  should  follow  the  same  law. 

THE    DISCHARGE    FACTOR. 

Discharge  differences  must  be  considered 
when  the  tractional  capacities  of  different 
streams  are  to  be  compared,  and  also  in  com- 
paring the  capacities  of  the  same  stream  at 
chff'erent  times. 

In  making  compaiison  between  different 
streams  it  is  important  that  the  discharges  used 
be  coorcUnate — that  is,  that  they  represent 
equivalent  phases  of  stream  work.  If  co- 
ordination be  not  secured,  allowance  must  be 
made  in  one  stream  or  the  other  for  the  varia- 
tion of  capacity  with  stage.  In  case  the  prob- 
lem is  such  that  the  choice  of  phase  is  optional, 
preference  should  be  given  to  flood  phases, 
because  the  general  slope  and  the  details  of 
channel  shape  are  approximately  adjusted  to 
such  phases.  The  greatest  known  discharge  is 
probably  less  representative  of  the  chaimel 
conditions  than  is  the  mean  of  annual  maxima 
of  discharge.  It  is  believed  that  with  use  of 
discharges  that  are  both  representative  and  co- 
ordinate the  discharge  factor  of  the  empiric 
formula  may  be  apphed.  The  result  of  such 
application  ^sall  be  the  more  satisfactory  in 
proportion  as  the  streams  compared  are  alHed 
in  tj-pe  and  wiU  be  relatively  unsatisfactory  for 
streams  in  different  chmatic  provinces  or  for 
comparison  of  a  direct  alhnaal  stream  with 
one  which  meanders. 

It  is  to  be  observed  that  in  aU  stucUes  of  allu- 
vial streams  the  discharge  of  which  account 
should  be  taken  in  comiection  with  traction  is 
the  discharge  flowing  ui  the  channel  proper. 
That  wliich  passes  the  banks  ceases  to  con- 
tribute of  its  energy  to  the  work  of  traction, 
and  the  jjortion  of  load  diverted  with  it  is  not 
tractional. 

The  case  of  variation  of  discharge  in  the 
same  stream  is  comphcated  by  simultaneous 
variations  of  fineness  and  competence.     In  the 
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experiments  with  sieve-separated  gi-ades  of 
debiis  fineness  and  competence  were  constants 
with  reference  to  discharge;  but  in  a  natural 
stream,  where  the  fractional  load  may  have 
great  range  in  fineness,  the  mean  fineness  of  the 
load  varies  with  discharge,  and  the  reason  of 
its  variation  is  that  competence  varies  with 
discharge.  The  two  competences  which  limit 
the  range  in  fineness  move  up  and  down  as 
discharge  changes,  and  the  mean  fuieness 
moves  with  them.  Therefore  the  response  of 
capacity  to  discharge  can  not  be  considered  b}- 
itseK. 

For  convenience  in  analyzing  the  conditions, 
let  us  assume  first  a  discharge  which  is  adjusted 
to  the  details  of  channel  form,  to  the  deeps  and 
shoals.  If,  now,  the  discharge  be  increased,  and 
with  it  the  whole  system  of  velocities,  trans- 
portation will  be  ever3r\vhere  stimulated,  part 
of  the  fractional  load  will  join  the  suspended, 
and  the  scouring  of  the  deeps  will  bring  into 
the  tractional  load  a  greater  jjroportion  of  the 
coarser  elements  of  the  load.  The  mean  fine- 
ness of  that  load  will  be  reduced,  and  the  ca- 
pacity, while  enlarged  by  increase  of  discharge, 
will  be  somewhat  reduced  by  loss  of  fineness. 
The  increase  with  discharge  will  be  less  than  if 
the  fineness  were  constant. 

If,  on  the  other  hand,  the  discharge  be  re- 
duced, some  of  the  coareer  material  comes  to 
rest,  while  finer  debris  is  added  from  the 
suspended  load.  So  the  reduction  of  capacity 
from  diminished  discharge  is  qualified  by  the 
effect  of  increased  fineness.  But  before  the 
change  in  discharge  has  gone  far  the  deeps 
become  pockets  for  the  reception  of  deposits, 
and  traction  is  restricted  to  the  intervening 
shoals,  where  it  causes  erosion.  The  erosion 
is  selective,  leaving  an  ever-increasing  assem- 
blage of  residuary  coarse  material,  wliich  tends 
to  protect  the  finer.  The  current  on  the  shoals 
no  longer  obtains  a  fuU  supply  of  the  material 
for  which  it  is  competent,  and  the  load  and 
capacity  part  company.  Or  we  may  say  that 
as  the  erosion  of  the  shoals  progresses  the  mean 
fineness  of  the  accessible  debris  is  reduced  untU 
a  grade  is  reached  for  which  the  current  is  not 
competent.  In  either  case  the  decadence  of 
traction  follows  a  law  which  is  not  well  repre- 
sented by  the  discharge  term  of  the  laboratory 
formula. 

The  above  analysis  postulates  a  wide  range 
and  somewhat  equable  distribution  of  fineness 


in  the  debris  of  the  stream  bed,  a  condition  not 
always  foiind.  It  might  not  apply,  for  ex- 
ample, to  a  stream  wliich  drains  a  district  of 
friable  sandstone  and  is  therefore  supphed  with 
nothing  coarser  than  sand.  Nor  would  it  apply 
well  to  a  stream  supplied  with  very  coarse  and 
very  fine  debris  but  not  well  supphed  with 
intermediate  grades. 

In  most  alluvial  streams,  and  probably  in  all 
meandering  streams,  the  work  of  traction  which 
is  accompUshed  on  the  shoals  at  low  stage  and 
midstage  is  abxiost  negUgible  in  comparison 
with  the  high-stage  traction.  Not  only  is  the 
rate  of  traction  slow,  but  the  field  of  traction 
i.-i  restricted.  If  a  single  formula  will  not  fit 
both  low  and  high  stages,  the  one  adjusted  to 
high-stage  variations  will  have  the  greater 
practical  value. 

Yet  another  consideration  enters  here,  and 
one  of  peculiar  importance.  When  discharge  is 
reduced,  and  the  competence  of  the  current  for 
traction  is  thereby  changed,  the  coarse  material 
eliminated  from  the  tractional  range  ceases  to 
be  transported;  but  when  discharge  is  increased, 
and  the  competence  of  the  current  for  suspen- 
sion is  thereby  changed,  the  fine  material 
ehminated  from  the  tractional  range  continues 
to  be  transported.  It  is,  in  fact,  transported 
more  rapidly,  so  that  a  greater  amount  passes 
a  given  section  each  second.  For  most  or  all 
practical  purposes  the  change  in  mode  of  trans- 
portation is  of  no  moment,  and  those  purposes 
would  be  served  by  a  formula  which  should 
include  the  material  shifted  and  ignore  the 
change  in  mode.  In  the  system  of  reactions 
set  up  by  change  of  discharge  the  two  modes 
of  transportation  are  so  interwoven,  in  fact, 
that  the  practical  discrimination  of  the  sus- 
pended and  tractional  loads  is  impossible. 
Even  in  the  laboratory  experiments  devised 
specially  for  the  study  of  traction  a  certain 
amount  of  interplay  was  tolerated,  for  tem- 
porary suspension  appeared  over  the  crests  of 
some  of  the  antidunes  and  also  in  the  bends  of 
the  crooked  channels. 

If  the  purely  tractional  point  of  view  is  to 
be  exchanged  for  another,  what  shall  be  sub- 
stituted ?  One  natural  suggestion  is  to  include 
m  a  single  view  the  entu-e  load,  suspended  and 
tractional;  another  to  include  along  with  the 
tractional  only  that  part  of  the  sus])ended  load 
which  for  part  of  the  time  is  tractional  also. 
That  which  would  be  included  in  one  view  and 
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excluded  from  the  other  is  the  finer  part  of  the 
suspended  load,  the  part  that  does  not  sink  to 
the  bottom  so  long  as  the  current  is  sufficiently 
active  for  traction.  Being  purely  suspensional, 
its  quantity  is  peculiarly  a  function  of  supply 
and  is  connected  with  discharge  only  tlu-ough 
the  association  of  discharge  with  ram.  Wlier- 
ever  discharge  is  largely  a  matter  of  tribute 
from  snowbanks,  the  suspended  load  is  con- 
spicuously independent  of  discharge. 

If  we  exclude  from  view  the  purely  suspen- 
sional material,  a  natural  criterion  for  inclusion 
is  the  finest  debris  wliich  low-stage  discharge 
moves  by  traction,  and  as  low-stage  traction  is 
limited  to  the  bars,  or  interpool  shoals,  it  is 
the  finest  fractional  debris  of  those  shoals.  If 
we  consider  a  gradual  increase  of  discharge  from 
least  to  greatest,  we  have  at  first  no  traction. 
Then  for  a  particular  discharge,  which  may  be 
called  the  competent  discharge,  traction  begms 
on  the  shoals,  only  the  finest  of  the  debris  bemg 
moved.  Gradually  coarser  and  coarser  mate- 
rial is  included,  the  range  in  fineness  and  the 
load  increashig  together;  but  in  this  phase  of 
action  the  load  is  not  necessarilj-  the  equiv- 
alent of  the  capacity,  for  it  may  be  limited  by 
the  supply  of  debris  of  requisite  fineness. 
After  a  time  another  critical  discharge  is  at- 
tained, which  initiates  the  loaning  of  debris 
from  traction  to  suspension,  and  thereafter  a 
constantly  increasmg  share  of  the  traveling 
debris  is  suspended.  As  the  suspended  parti- 
cles travel  faster  than  the  saltatory,  and  as 
capacity  is  the  ability  of  the  stream,  measured 
in  grams  per  second,  to  move  debris  past  a 
sectional  plane,  the  transfer  from  traction  to 
suspension  is  an  important  factor  in  the  en- 
hancement of  capacit3^ 

The  relation  of  capacitj^  to  discharge,  con- 
templated from  this  viewjioint,  has  two  ele- 
ments in  common  with  the  discharge  factor  of 
the  laboratory  formula.  It  includes  a  compe- 
tent discharge,  corresponduig  to  the  zero  of 
capacity,  and  it  associates  continuous  mcrease 
of  capacity  with  contmuous  increase  of  dis- 
charge. It  differs,  however,  in  import  an  t^  ways, 
and  the  possibility  of  expressing  it  by  a  definite 
formula  is  not  evident.  In  the  pool  and  rapid 
phase  of  activity  the  supply  of  debris  suitable 
for  traction  is  usually  limited,  and  in  many 
streams  it  is  exhausted  during  each  recurrence 
of  the  phase.  In  the  phases  of  greater  dis- 
charge, when  traction  occurs  in  the  deeps  as 


well  as  on  the  shoals,  the  secjuence  of  capacities 
depends  not  only  on  discharge  but  on  the  rela- 
tive proportions  of  debris  of  different  grades  of 
fineness  in  the  material  of  the  load.  It  is  prob- 
able that  for  most  streams  the  load-discharge 
function  is  discontinuous  at  the  limit  of  the 
pool  and  rapid  phase. 

Because  of  this  presumable  discontinuity, 
because  the  fractional  work  whUe  the  pools 
exist  accomplishes  only  a  local  transfer  of 
debris,  and  because  the  work  performed  is 
usually  of  negUgible  amount  in  comparison 
with  the  work  of  larger  discharges,  it  is  prob- 
ably better  to  ignore  altogether  the  pool  and 
rapid  phase  in  any  attempt  at  general  formu- 
lation. If  that  be  left  out  of  account  and  if 
the  general  features  of  the  laboratory  formula 
be  retained,  the  constant  k  becomes  the  dis- 
charge which  initiates  traction  in  the  deeps, 
and  thus  initiates  through  transportation  of 
bottom  load.  If  we  accept  that  as  a  startmg 
pohit,  the  material  so  fine  as  to  be  suspended 
by  that  discharge  may  be  classed  as  purely  sus- 
pensional, and  other  material  suspended  by 
larger  discharges  may  be  grouped  with  the 
fractional  load.  For  the  fractional  load  thus 
enlianced,  or  the  ampUtractional  load,  as  it 
may  conveniently  be  called,  the  rate  of  varia- 
tion with  discharge  is  evidently  higher  than 
the  rates  found  for  simple  grades  in  the  labora- 
tory, and  it  may  be  much  higher,  for  the  debris 
diverted  from  traction  to  suspension,  instead 
of  laggmg  behind  the  lowest  and  slowest 
threads  of  the  current,  now  speeds  with  the 
current's  mean  velocity. 

It  is  possible  that  a  practical  formula  for  the 
fluctuations  of  an  alluvial  river's  load  may  fol- 
low these  lines,  taking  the  form 

Ca  =  h(Q-K,)'> (112) 

where  C^  is  the  capacit}^  for  ampUtractional 
load,  and  «,  is  the  smallest  discharge  competent 
to  establish  a  continuous  train  of  traction 
through  deeps  and  shoals;  but  the  suggestion 
as  to  form  has  no  better  basis  than  analogy, 
and  no  data  are  known  tending  to  determine 
the  magnitude  of  the  important  parameter  o. 

THE    FINENESS    FACTOR. 

When  the  work  of  two  natural  streams  is 
compared  and  the  streams  are  of  the  same  type, 
it  is  believed  that  the  fineness  factor  of  the 
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laboratory  formula  is  applicable.  It  is  true 
that  fineness  enters  in  a  relatively  complex 
way  into  the  determination  of  the  loads  of 
natural  streams,  but  for  the  comparison  indi- 
cated the  elements  of  influence  are  severally 
represented  by  the  experiments,  and  their  to- 
tals should  follow  a  law  of  the  same  type.  For 
small  discharges  this  inference  is  subject  to 
certaiir  qualifications,  which  will  appear  from 
what  follows. 

Wlien  the  work  of  the  same  stream  is  com- 
pared under  difl'erent  discharges,  a  difference  in 
fineness  is  developed  under  the  laws  of  compe- 
tence. With  larger  discharge  the  mean  fuie- 
ness  is  less  than  with  small  discharge,  and  the 
difference  in  fineness  conspires  with  the  differ- 
ence in  discharge  to  determme  capacity.  For 
reasons  explained  m  the  last  section,  however, 
capacity  can  not  always  be  considered  sjniony- 
mous  with  load  when  the  discharge  is  small. 

THE    FORM-RATIO    FACTOR. 

In  the  I'eaches  of  a  direct  alluvial  stream  there 
is  approximate  uniformity  of  depth  at  high 
stage,  and  the  conditions  involving  form  ratio 
are  essentially  like  those  reahzed  in  the  labora- 
tory. To  such  cases  the  principles  developed 
in  the  laboratory  studies  should  be  apphcable. 

It  is  true  in  a  general  way,  as  already  men- 
tioned on  page  223,  that  at  a  high  stage  of  a 
natural  stream  the  sectional  area  is  about  the 
same  for  the  reaches  as  for  the  bends,  and  so 
too  is  the  width.  It  follows  that  the  mean 
depth  is  about  the  same,  although  the  maxi- 
mum depth  may  be  very  different.  The  high- 
stage  capacity  is  also  the  same  at  every  sec- 
tion, after  the  channel  form  has  been  adjusted 
to  the  discharge.  If  these  generalizations  are 
correct,  the  principle  involved  in  the  form-ratio 
factor  of  the  laboratory  formula  is  applicalile  to 
curving  streams,  provided  form  ratio  is  inter- 
preted as  the  ratio  of  mean  depth  to  width,  and 
not  as  the  ratio  of  maximum  depth  to  width. 

In  the  analysis  of  conditions  determining  the 
relation  of  capacity  to  form  ratio  (Chapter  IV) 
an  important  role  was  ascribed  to  the  resistance 
of  the  banks;  and  the  quantity  of  that  resist- 
ance was  represented  in  one  of  the  parametei-s 
of  the  formula,  a.  The  optimum  form  ratio, 
p,  was  found  to  vary  mversely  \vith  n  and,  there- 
fore, to  vary  inversely  with  the  resistance  of  the 
banks.     The  resistance  afforded  by  river  banks 


is  greater  than  that  given  by  the  smooth  walls 
of  laboratory  channels,  and  tliis  element  tends 
to  make  the  opthnum  form  ratio  relatively 
small  for  rivers.  Its  influence,  however,  is  over- 
shadowed by  those  of  slope  and  discharge.  As 
the  optimim  ratio  varies  inversely  with  slope, 
and  as  most  rivers  have  lower  slopes  than  the 
experimental  streams,  the  general  tendency  of 
the  slope  element  is  to  make  the  ratio  large 
for  rivers.  As  the  optimum  ratio  varies  in- 
versely with  discharge,  and  as  the  discharges  of 
natural  streams  are  relatively  large,  the  tend- 
ency of  this  element  is  to  make  the  ratio  small 
for  natural  streams.  The  rates  of  variation 
being  unknown,  the  net  result  of  the  three  in- 
fluences can  not  be  inferred  deductively.  The 
data  from  Yuba  River,  cited  in  Chapter  IV  (p. 
135),  show  that  for  one  case  of  a  natural  stream 
the  optimum  ratio  is  decidedly  larger  than  that 
estalilished  by  the  stream  in  its  alluvial  phase 
and  is  of  the  order  of  magnitude  of  the  determi- 
nations made  in  the  laboratory. 

THE  FOUR  FACTORS  COLLECTIVELY. 

The  results  of  the  preceding  discussions  ad- 
mit of  a  certain  amount  of  generahzation. 
Allien  different  streams  of  the  same  type  are 
compared,  and  especially  when  the  type  is  al- 
luvial, the  law  of  their  relative  capacities  at 
high  stage  may  be  expressed  by  the  laboratory 
formula  (109).  The  al)ility  of  that  fornuda  to 
express  the  variation  of  capacity  with  discharge 
in  the  same  stream  is  problematic. 

It  has  not  been  shown  that  the  system  of 
numerical  jiarameters  determined  for  laboratory 
concUtions  can  be  used  in  extending  the  appli- 
cation of  the  formula  to  natural  streams.  If 
the  formula  were  rational,  the  result  of  an  ade- 
quate mathematical  treatment  of  the  physical 
principles  involved,  the  constants  measured  in 
the  laboratory  woidd  be  of  universal  apphcation 
(with  moderate  quaUfication  for  the  conditions 
imj>osed  by  the  curvature  of  natural  channels); 
but  tlie  constants  of  an  emjjiric  formula  afford 
no  basis  for  extensive  extrapolation. 

THE    HITOTHESIS    OF    SIMILAR    STREAMS. 

When  the  Berkeley  experiments  were  planned 
it  was  assumed  that  the  relations  of  capacity  to 
various  conditions  would  be  found  to  be  sim- 
ple, and  that  the  laboratory  streams  were  rep- 
resentative of  natural  streams  except  as  to  the 
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cliaracters  associated  with  bendiiig  channels. 
Because  of  the  discovered  complexity  of  the 
laws  affecting  capacity  it  is  now  apparent  that 
the  laboratory  formulas  can  not  be  applied  to 
streams  in  general.  It  is,  liowever,  probable 
tliat  among  the  gi'eat  variety  of  natural  streams 
tliere  is  a  more  or  less  restricted  group  wliich 
is  in  such  respect  similar  to  the  laboratory  gi-oup 
that  the  empiric  residts  of  the  laboratory — or 
at  least  the  results  embodied  in  exponents — 
may  properlj'  be  appUed  t  o  it . 

The  criteria  of  similarity  between  large  and 
small  have  been  discussed  to  some  extent  by 
others  in  connection  with  the  investigation  of 
hydruuUc  problems  by  means  of  models. 
William  Froude  inferred  from  theoretic  con- 
siderations that  if  the  speed  of  a  sliip  and  the 
speed  of  its  miniature  model  "are  proportional 
to  the  square  roots  of  the  dimensions,  their  re- 
sistances at  those  speeds  will  be  as  the  cubes 
of  their  dimensions,"'  and  he  afterward  veri- 
fied this  result  by  experiments.  T.  A.  Hear- 
son,  in  projecting  a  model  river  for  the  inves- 
tigation of  various  hydraulic  problems,  dis- 
cussed separately  the  resistance  to  flow  by  the 
wetted  perimeter,  the  influence  of  varying  sec- 
tional area,  and  the  influence  of  bends.  He 
concluded  that  if  the  linear  dimensions  were 
kept  in  the  same  proportion,  so  that  the  river 
channel  and  its  model  were  similar  in  the  geo- 
metric sense,  the  velocities  would  be  related  as 
the  square  roots  of  the  luiear  dimensions,  and 
the  discharges  as  the  2.5  powers  of  the  linear  di- 
mensions. It  would  be  necessary  that  the  rough- 
nesses of  the  channel  surfaces  have  the  same  dif- 
ferences as  the  hnear  dimensions,  and  that  the 
movable  debris  of  the  bed  also  follow  the  laws 
of  Unear  dimensions.-  His  deductions  were  not 
tested  by  the  construction  and  use  of  a  model, 
but  they  derive  a  large  measure  of  supj)ort  from 
the  verification  of  Froude's  analogous  theorem. 
So  far  as  I  am  aware,  r.ll  the  models  actually 
constructed  to  represent  rivers  and  tidal  basins 
have  been  given  an  exaggerated  vertical  scale.^ 
O.  Eejmolds  *  made  a  series  of  models  of  tidal 

basins  in  wlxich  the  scales  of  depth  and  of  tidal 

•■ 

1  These  words  are  quoted  from  Inst.  Naval  Arch.  Trans.,  vol.  15,  p.  151, 
1874.    I  have  not  seen  Froude's  original  discussion  of  the  subject. 

2  Inst.  Civil  Eng.  I'roe.,  vol.  14fi,  pp.  216-222,  1900-1901. 

*  See  FarRue,  L.,  La  forme  du  lit  des  riviferes  h  fond  mobile,  pp.  57, 128. 
1908.  Fargue  recommended  for  a  model  river  a  vertical  scale  of  1:100 
and  a  horizontal  scale  of  1:20,  from  which  he  deduced  a  discharge  ratio 
of  1:3,200  and  a  velocity  ratio  of  1:16. 

<  British  .\ssoc.  Adv.  Sci.  Repts.  1SS7,  pp.  655-502:  1889,  pp.  328-313; 
ISSO,  pp.  512-534;  1891,  pp.  386-404. 


amplitude  were  gi-eater  than  the  scale  of  length, 
the  ratios  ranging  from  31:1  to  105:1.  No  ad- 
justment was  made  as  to  size  of  debris,  the  re- 
quirements of  his  investigation  being  met  by 
any  material  fine  enough  to  be  moved  by  the 
currents.  A  tidal  oscillation  was  communi- 
cated to  water  resting  on  a  level  bed  of  sand, 
with  the  result  that  the  bed  was  gradually 
molded  into  shapes  more  or  less  characteristic 
of  estuaries.  From  general  considerations  a 
"law  of  Idnetic  similarity"  was  deduced: 

'—J—  =  constant 

in  which  p  is  the  tidal  period,  Ti  the  depth  of 
water  (proportional  to  the  amplitude  of  the 
tide),  and  L  the  length  of  the  estuary.  Under 
tliis  law  the  results  were  generally  consistent, 
but  there  was  found  to  be  a  limit  to  the  range 
of  suitable  conditions,  and  this  Umit  was  formu- 
lated by 

/(■''('  =  constant 

ui  wliich  e  is  the  exaggeration  of  the  vertical 
scale. 

Eger,  Dix,  and  Seifert,"  making  a  model  of 
a  portion  of  Weser  Kiver  for  the  purpose  of 
studj-mg  the  effect  of  projected  improvements, 
adopted  1 :  100  as  the  scale  of  horizontal  dimen- 
sions and  depths,  and  1 : 6.7  as  the  scale  of  mean 
diameters  of  debris  particles  coraposmg  the 
channel  bed.  It  was  then  a  matter,  fu-st  of 
theory  and  com])utation  but  finally  of  trial,  to 
select  scales  for  discharge  and  slope.  The  main 
condition  to  be  satisfied  was  that  for  discharges 
correspomluig  to  high  and  low  stages  the  depths 
of  water  should  be  properly  related,  according 
to  the  scale  of  Imear  duneiisions.  For  the  scale 
of  discharges  1 : 40,000  was  finally  adopted,  and 
for  slopes  650:1.  Theresultmg  ratio  of  veloci- 
ties was  1:4;  and  this  ratio,  combined  with  the 
ratio  of  debris  sizes,  was  found  to  give  a  time 
ratio  (for  the  accomplishment  of  similar 
changes  in  the  bed  of  the  stream)  of  1:360. 
The  scale  of  velocities  being  only  1:4  while  the 
scale  of  distances  was  1:100,  there  was  an 
exaggeration  of  velocities  m  the  ratio  of  25:1." 

The  cpiantities  of  debris  moved  being  in  the 
ratio   of   1:100^,  the  distances  moved  in  the 

s  Zeitschr.  Bouwesen,  vol.  56,  pp.  323-344, 1906. 

6  So  stated  by  the  authors.  An  allowance  for  the  general  principle 
that  velocities  are  proportional  to  the  square  root  of  the  hydraulic  mean 
depth,  and  therefore  to  the  square  root  of  linear  dimensions,  would 
indicate  1:10  as  the  normal  ratio  of  velocities,  and  give  2.5:1  as  the 
exaggeration. 
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ratio  of  1 :  100,  and  the  times  consumed  in  the 

ratio  of  1:360,  the  ratio  of  loads  (per  second) 

100  * 
waslio^      or    1:280,000.     The   resuUs    were 

ODU 

satisfactory;  it  was  found  that  the  successive 
forms  given  to  the  river  bed  by  variations  of 
discharge  were  rejjeated  iii  the  model. 

The  exaggerations  of  the  vertical  scale  by 
Reynolds  and  of  the  slope  by  Eger,  DLx,  and 
Seifert  had  the  unportant  effect  of  shortenmg 
the  tune  necessary  to  produce  the  desired  re- 
modeUng  of  the  mobile  bed.  The  absolute 
proportionaUty  adopted  by  Froude  and  recom- 
mendetl  by  Hearson  would  have  entaded  a 
prohibitive  consumption  of  tune  and  might 
have  added  a  serious  complication  iii  connec- 
tion with  the  use  of  very  fine  debris.' 

The  sunilarity  controlled  by  Reynold's  law 
was  a  relation  between  the  wave  periods  and 
dimensions  of  tidal  basms  and  is  not  closely 
related  to  similarity  in  the  control  of  trac- 
tional  load.  The  similarities  obtamed  in  con- 
structing the  model  of  the  Weser  are  more  in 
point,  because  they  involve  an  average  rate  of 
movement  of  debris;  but  they  throw  no  light 
on  the  laws  of  variation  of  debris  movements 
which  is  the  important  matter  m  In-idging  the 
uiterval  between  our  experunent  streams  and 
natural  streams.  After  attempting  to  use 
various  suggestions  which  came  from  the 
adjustments  of  the  Weser  model,  I  have  re- 
turned to  the  prmciples  of  geometric  similarity 
employed  by  Froude  and  Hearson. 

Let  us  assume,  as  possible  or  plausible,  that 
the  pruicijdes  developed  m  the  laboratory, 
together  with  all  parameters  which  are  of  the 
nature  of  ratios,  are  independent  of  the  scale 
of  operations  and  may  be  applied  to  streams  of 
far  greater  magnitude,  provided  all  linear  fac- 
tors are  magnified  in  equal  degree.  If  width 
and  depth  are  enlarged  in  the  same  ratio,  the 
form  ratio  is  unchanged.  If  longitudmal  dis- 
tance and  loss  of  head  are  enlarged  m  the  same 
ratio,  the  slope  is  unchanged.  If  the  dmien- 
sions  of  the  transported  particles  are  enlarged 
in  the  same  ratio  as  the  Imear  elements  of  chan- 
nel, the  hnear  coarseness  is  increased,  or  the 
hnear  fii:ieness  is  reduced  in  that  ratio. 

The  natural  streams  which  may  be  consid- 
ered as  similar  to  the  experimental  streams 
constitute  a  class  of  moderate  size.     The  form 

1  Such  considerations  as  these  affected  the  selection  of  materials  for  the 
Berkeley  experiments  and  prevented  the  employment  of  very  gentle 


ratio  for  rivers  ranges  lower  than  for  experi- 
mental streams,  but  there  is  some  overlap. 
The  smaller  of  the  form  ratios  of  the  laboratory 
are  representative  of  a  considerable  number  of 
rivers.  The  slopes  of  rivers  range  lower  than 
for  laboratory  streams,  but  here  again  there  is 
overlap,  and  the  natural  streams  which  are 
similar  hi  respect  to  slope  are  iix  general  such 
as  have  coarse  debris,  so  that  there  may  be 
correspondence  in  that  regard  also.  The  simi- 
lar natural  streams  to  which  hv]50thesis  extends 
the  laboratory  results  are  those  of  large  form 
ratio  anil  steep  slope,  carrying  coarse  debris. 

The  primary  difference  between  a  large 
stream  and  a  small  one  bemg  one  of  discharge, 
and  our  general  inquii-y  bemg  dnected  to  the 
valuation  of  capacity  for  traction,  let  us  seek 
an  expression  for  the  relation  of  capacity  to 
tlischarge  when  similar  streams  of  different  size 
are  compared. 

The  laboratory  data  determme  control  of 
capacity  by  slope,  discharge,  fineness,  and  fonn 
ratio.  In  similar  streams  slope  and  form  ratio 
are  constant,  and  we  need  consitler  here  only 
discharge  and  fineness.  As  we  are  comparing 
the  laboratory  streams  as  a  group  with  similar 
natural  streams,  also  taken  as  a  group,  it  is 
advisable  to  employ  a  mode  of  formulation 
which  lends  itself  to  the  use  of  averages,  and 
the  most  convenient  is  that  of  the  synthetic 
uulex.     In 

C'xQ'^-F'"' 

lia  antl  /to  are  average  values  of  the  synthetic 
index  and  may  be  estimated,  from  data  in 
Tables  32  and  43,  as  1.32  and  0.77.  Designat- 
ing elements  of  the  larger  and  smaller  streams 
severally  by  subscripts  „  and  , ,  we  have,  from 
the  above. 


C„<xQ,, 

c\ 


■  Fi: 


■(^rxm 


(113) 


If  we  designate  by  L  the  ratio  between  a  linear 
dimension  of  the  larger  stream  and  the  corre- 
sponding dimension  of  the  smaller. 


F„ 


—^  =  L,  and  w 
10,  /v 


falling  mean  velocity  V,  bearing  in  mind  that 
the  hydraulic  mean  radius  is  a  linear  dimension 
of  channel,  and  recaUing  that  the  C'hezy  formula 
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makes   V  vary  as  the  square  root  of  the  h\-- 
draulic  radius,  we  have 

^  "  —  ro.5 

V,  -^       , 

Then,  since  discharge  is  the  ])roduct  of  width, 
depth,  and  velocity, 

q,     w,     d,      V, 
whence 


and 


\Qj         L     F, 


Substituting  this  vahio  of  the  fineness  factor  in 
(113),  and  reducing,  wo  have 


.(115) 


The  result  indicates  th;it 


whence 


or,  since  j.^  T~,  the  tractional  (hity  of  water. 

That  is, _/br  similar  sU'eams  the  tractioiuil  dniij  of 
water  is  the  same. 

As  the  exponents  connecting  capacity  with 
discharge,  capacity  with  fineness,  and  mean 
velocity  vnth  hydrauhc  radius  are  all  averages 
of  low  precision,  the  result  is  far  from  being  so 
secure  as  might  be  inferred  from  equation  (115). 
Its  best  support  is  really  found  in  the  plausi- 
bility of  its  conclusion.  Our  experience  with  a 
variety  of  physical  laws  makes  it  easy  for  us  to 
beheve  that  with  suitable  parity  of  conditions 
a  unit  of  discharge  will  accomplish  the  same 
work  as  part  of  a  large  stream  that  it  wiU  ac- 
complish as  part  of  a  small  stream;  and  so  the 
conclusion  is  plausible.  The  fact  that  an  at- 
tempt to  test  the  hypothesis  of  similar  streams 
by  combining  it  with  experimental  data  has  led 
to  a  plausible  result  is  a  fact  favorable  to  the 
hypothesis. 

Let  us  now  assume  the  hypothetic  law  to  be 
a  real  law  and  draw  such  inferences  as  may  be 
warranted.     The  range  of  slopes  which  the  ex- 


periments treat  with  confidence  is  from  0.5  to 
3.0  per  cent.  Direct  apphcation  is  limited  to 
streams  having  slopes  within  that  range.  By 
postulate, 

Substituting  in  equation  (114),  we  have 


whence 


D„ 


P,' 


That  is  to  say,  for  similar  streams,  the  ratio  j^- 

may  be  regarded  as  constant.  This  relation 
affords  a  criterion  for  the  discrimination  of 
those  natural  streams  wliich  are  similar  to  the 
laboratory  streams,  provided  they  are  also 
similar  in  slope  and  form  ratio.     The  following 

limiting  values  for  j^  for  different  slopes  are 

all  estmiated  on  the  assumption  of  a  form  ratio 
of  0.05: 

Limiting  values  of  — ^- 


Slope 
(per  cent). 

0.5 

1.0 

2.0 

3.0 


3,000.000-40,000.000 

2,000,000-30,000,000 

1 ,500.000-10,000,000 

500,000-  4,000,000 


Tlie  form  ratio  0.05  is  considerably  below  the 
average  of  the  ratios  developed  in  the  labora- 
tory, and  it  is  also  much  above  the  average 
for  alluvial  rivers  at  flood  stage.  Any  allow- 
ance wliich  might  be  made  for  this  discrepancy 
would  have  the  effect  of  increasing  the  estimate 
of  limiting  values  of  the  ratios  of  Q  to  D-'^. 
Subject  to  this  quahfication  the  ratios  indicate 
the  types  of  natural  streams  which  are  "similar" 
to  the  laboratory  streams  and  to  which  various 
laboratory  results  may  be  applied.  Tlie  streams 
are  in  general  either  small  creeks  or  else  rivers 
transportmg  very  coarse  debris.  As  the  slopes 
are  determined  by  flood  discharges,  such  dis- 
charges should  be  used  in  the  classification. 

For  the  streams  thus  classified  as  similar  to 
laboratory  streams  the  duty  of  water  is  of  the 
same  order  of  magnitude,  and  so  are  the  rates 
of  variation  of  duty  with  the  several  conditions 
of  slope,  discharge,  and  fineness.  The  rates  of 
variation  apply  especially  to  comparisons  of 
one  stream  with  another.  For  the  estimation 
of  variation  with  discharge  in  the  game  stream 
something  should  be  added  to  the  laboratory 
rate  to  allow  for  the  varving  assistance  which 
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suspension  gives  to  the  work  of  traction  (p.  234  K 
For  estimation  of  optimum  foim  ratio  some- 
thing should  be  deducted  from  the  laboratory 
indication  to  allow  for  the  greater  resistance 
of  the  channel  walls. 

SUMMARY. 

Natural  streams  of  alluvial  type  differ  from 
the  streams  used  in  the  laboratory  in  ways  con- 
nected -with  the  benduigs  of  their  coui'ses  and 
with  variations  of  discharge.  The  differences 
affect  forms  of  cross  section,  the  distribution  of 
velocities  within  the  section,  and  the  partition 
of  the  load  between  suspension  and  traction. 
The  two  portions  of  load  are  carried  at  the 
expense  of  the  stream's  energy,  each  reduces 
the  velocity,  and  the  reduction  of  velocity  de- 
termines the  limit  of  carrying  power.  Tlie 
whole  bm'den  of  the  stream  includes  not  only 
two  divisions  distinguished  by  mode  of  trans- 
portation but  as  many  muior  di%'isions  as  there 
are  grades  of  debris,  and  the  load  carried  of 
each  grade  reduces  the  capacity  for  all  the 
grades. 

These  and  other  complexities  make  it  diffi- 
cult to  apply  the  laboratory  results  to  natural 
streams.  It  is  probable  that  the  forms  of  the 
laboratory  formulas  are  apphcable,  with  limi- 
tations, to  the  comparison  of  one  stream  \vith 
another,  but  the  availabihty  of  the  exponents 
is  problematic.  There  are  special  difficulties  in 
attempting  to  use  the  formulas  for  the  compari- 
son of  capacities  of  the  same  stream  at  different 
stages,  and  in  such  comparisons  the  tractional 
load  can  not  be  considered  by  itself,  because 
much  material  which  is  swept  along  the  bed 
at  lower  stages  is  lifted  by  flood  velocities  into 
the  body  of  the  current. 

It  is  thought  that  the  laboratory  formulas 
may  be  applied  to  natur.al  streams  which 
are  geometrically  similar  to  the  laboratory 
streams — -that  is,  to  streams  havuig  the  same 
slopes  and  form  ratios  and  carrjdng  debris  of 
proportionate  size.  The  class  of  streams  to 
which  the  formulas  apply  by  reason  of  simi- 
larity is  iiecessarHy  resti-icted,  being  character- 
ized in  the  main  by  high  slopes  and  coarse 
debris.     It  can  include  few  large  streams. 

CONCLUSION. 

It  was  a  primary  purpose  of  the  Berkeley  in- 
vestigation to  determine  for  rivers  the  relation 


which  the  load  swept  along  the  bed  bears  to  the 
more  important  factors  of  control.  As  a  means 
to  that  end  it  was  proposed  to  study  the  mode  of 
propidsion  and  learn  empirically  the  laws  con- 
necting its  output  with  each  factor  of  control 
taken  separately.  The  review  of  results  in  the 
present  chapter  shows  that  the  primary  purpose 
was  not  accomplished.  In  the  direction  of  the 
secondary  purpose  much  more  was  achieved, 
and  a  body  of  definite  information  is  contrib- 
uted to  the  general  subject  of  stream  work.  A 
valuable  outcome  is  the  knowledge  that  the 
output  in  tractional  load  is  related  to  the  con- 
trolling conditions  in  a  higlily  complex  manner, 
the  law  of  control  for  each  condition  being  qual- 
ified by  aU  other  conditions. 

With  the  aid  of  the  Berkeley  experience  it 
would  be  possible  to  avoid  certain  errors  of 
method  and  arrange  experiments  which  should 
yield  more  accurate  measurements  of  the  same 
general  class — and  it  is  natural  that  the  experi- 
menter should  feel  the  desire  to  do  his  work  over 
m  a  better  way — but  I  am  by  no  means  sure  that 
adequate  advantage  would  reward  a  continu- 
ance of  work  on  the  same  or  closely  related  lines. 
The  complex  interactions  could  be  given  better 
numerical  definition,  but  it  may  well  be 
doubted  whether  their  empuic  definition  would 
lead  to  theii'  explanation.  It  is  possible  that 
the  chasm  between  the  laboratory  and  the  river 
may  be  bridged  only  by  an  adequate  theory, 
the  work  of  the  hydi'omechanist.  It  is  possible 
also  that  it  may  be  practically  bridged  by  ex- 
perhnents  which  are  more  synthetic  than  ours, 
such  experiments  as  may  be  made  m  the  model 
rivers  of  certain  German  laboratories.  (See 
p.  16.) 

The  practical  applications  for  results  from 
experiments  in  stream  traction  belong  ahuost 
wholly  to  the  field  of  river  engineermg.  For 
the  transportation  of  detritus  and  related  mate- 
rials by  artificial  currents,  stream  traction  AvUl 
rarely  be  used,  because  flume  traction  is  more 
efficient.  Our  results  in  flume  traction  have 
therefore  an  immediate  practical  application, 
and  as  they  were  limited  in  rano;e  the  advantage 
of  extending  them  can  hardly  be  questioned. 

The  report  on  the  Berkeley  investigation 
projjerly  closes  with  this  chapter,  but  there  are 
several  bj^-products  which  seem  worthy  of  rec- 
ord. Some  of  them  are  presented  in  the  fol- 
lo\ving  chapter,  and  others  are  contained  in 
appendixes. 


CHAPTER  XIY.— PROBLEMS  ASSOCIATED  WITH  RHYTIBI. 


RHYTHM  IN  STREAM  TRANSPORTATION. 

This  chapter  is  concerned  with  certain  prob- 
lems upon  which  the  Berkeley  investigation 
touched,  but  which  were  not  seriously  attacked. 

The  low  precision  of  the  observations  on 
stream  traction,  a  precision  characterized  by  an 
average  error  of  about  1 1  per  cent  and  an.  aver- 
age probable  error  after  adjustment  between  2 
and  3  per  cent,  had  for  its  chief  cause  the  failure 
to  eliminate  from  the  experiments  the  influ- 
ence of  rhj'thm.  The  slope  of  the  water  sur- 
face, the  slope  of  the  channel  bed,  and  the  load 
of  debris  transported  were  all  subject  without 
intermission  to  rhythmic  fluctuations.  If  ma- 
terially better  observations  of  the  same  sort  are 
to  be  made,  this  difiiculty  must  be  successfully 
dealt  with,  and  the  first  step  toward  mastering 
it  is  to  understand  it.  The  removal  of  a  diffl- 
cidt}',  however,  is  neither  the  sole  nor  the  most 
important  result  to  be  expected  from  the  study 
of  tractional  rhythms.  Underlying  them  are 
physical  princi})les  wliich  are  of  importance  in 
the  djmamics  of  rivers,  and  their  study  con- 
stitutes one  of  the  available  lines  of  approach 
to  the  broader  subject. 

For  their  empii'ic  study  the  general  plan  of 
the  Berkeley  apparatus  is  well  adapted,  but  our 
experience  indicates  that  certam  details  should 
be  modified.  The  use  of  a  long  trough  is  ad- 
visable, with  contraction  at  the  outfaU,  and 
with  delivery  of  the  load  to  a  settlmg  tank  be- 
yond the  outfall.  The  appliances  and  methods 
should  be  such  as  to  secure  uniformity  in  dis- 
charge, in  character  of  debris,  and  in  rate  of 
feed. 

The  apparatus  for  regulatmg  discharge,  de- 
scribed on  pages  20  and  257,  was  one  of  the  most 
satisfactory  parts  of  the  Berkeley  equipment. 
Its  most  important  feature,  as  afl'ecting  pre- 
cision, was  the  delivery  of  the  water  thi'ough  an 
aperture  under  a  considerable  head. 

Uniformity  of  debris  can  hardly  be  secured 
without  the  employment  of  an  artificial,  nar- 
rowly limited  grade,  and  the  available  means 
of  sorting  is  the  sieve.  It  k  to  be  observed, 
however,  that  after  a  grade  has  been  separated 
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by  sieves  it  is  still  subject  to  sorting  by  current, 
the  current  recognizing  difl'erences  of  form  and 
density  which  the  sieves  ignore.  Wlien  debris 
that  has  once  been  handled  by  the  stream  is  to 
be  used  a  second  time,  remixing  may  be  ad- 
visable. 

None  of  the  devices  we  employed  to  feed 
debris  to  the  current  achieved  uniformity. 
Those  which  depended  on  the  flow  of  wet  de- 
bris thi'ough  an  aperture  failed  because  the 
proportion  of  water  could  not  be  kept  constant. 
The  others  depended  on  handwork  and  ex- 
perienced the  irregidarity  usual  to  handwork. 
An  apparatus  planned  near  the  end  of  the  ex- 
perimental work,  but  never  tried,  is  of  such 
promise  that  its  essential  features  are  here 
described. 


FiGcuE  72.— Suggested  apparatus  for  automatic  feed  of  debris. 

A  drum,  A  in  figure  72,  is  turned  slowly  by 
power,  its  rate  bemg  regulated  by  clockwork. 
Its  position  is  above  the  trough  containmg  the 
experiment  stream,  B.  The  surface  of  the 
drum  is  uniformly  roughened.  Above  it  is  a 
vertical  rectangular  shaft,  filled  with  moist 
debris.  The  shaft  does  not  touch  the  drum. 
The  width  of  the  separating  space  at  Z?  is  con- 
trolled by  some  suitable  device.  As  the  drum 
turns,  a  debris  layer  of  uniform  thickness  is 
carried  with  it,  and  this  falls  into  the  stream. 
To  prevent  irregularities  due  to  adhesion,   a 
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detaching  device  is  placed  at  some  point  E, 
the  device  possibly  consisting  of  an  open-rank 
comb  of  elastic  wire.  The  shaft  should  be 
smooth  and  of  imiforra  section,  so  that  the 
particles  of  debris  near  the  drum  may  be 
brouglit  into  actual  contact  with  one  another 
by  pressure  of  the  debris  above.  That  the 
debris  may  not  be  caused  to  flow  by  excess  of 
moisture,  it  should  be  thoroughly  drained  be- 
fore use.  In  a  rough  construction  designed  to 
test  the  practicability  of  the  apparatus  the 
ch'um  surface  was  roughened  by  covering  with 
a  wu-e  screen,  and  this  was  found  to  secure  the 
delivery  of  the  debris. 

Uniformity  of  feed  having  been  provided,  the 
rhythms  of  transportation  may  be  observed  as 
oscillations  in  the  debris  delivered  at  the  out- 
fall. Rhymths  of  slope  may  be  studied,  at 
least  initially,  by  observing  changes  in  the 
profile  of  the  water  surface. 

In  the  record  of  the  Berkeley  observations  it 
is  not  practicable  fuUy  to  discriminate  rhyth- 
mic inequahtics  from  those  occasioned  by 
irregularities  of  debris  feeding,  but  there  is 
reason  to  beUcve  that  several  rhythms  of  tlifler- 
ent  period  coexist.  The  shortest  rhj^'thms  are 
those  connected  with  the  dunes  and  antidunes, 
and  those  are  evidently  associated  with  rhythms 
of  the  flow  of  water. 

RHYTHM  IN  THE  FLOW  OF  MATER. 

Reynolds,*  treatmg  of  the  flow  of  water 
through  tubes,  distinguishes  two  modes  of  flow 
as  direct  and  sinuous.  They  are  otherwise 
called  steady  and  turbulent.  In  direct  flow  the 
filaments  of  current  have  simple  lines,  which 
are  straight  and  parallel  if  the  walls  of  the  con- 
duit are  straight  and  parallel.  In  sinuous  flow 
the  filaments  of  current  are  neither  simple  nor 
parallel  and  may  be  intricately  convoluted. 
The  flow  in  tubes  is  direct  for  low  velocities 
and  sinuous  for  high,  the  critical  velocity  vary- 
ing inversc^ly  with  the  diameter  and  the  rough- 
ness of  the  tube  and  directly  with  the  viscosity 
of  the  water.  It  woidd  follow  from  his  gcner- 
ahzations  that  the  flow  of  such  streams  as  were 
used  in  our  experiments  woidd  be  smuous,  and 

1  Reynolds,  Osborne,  An  experimental  investigation  of  the  circum- 
Etances  which  determine  whether  the  motion  of  water  shall  be  direct  or 
sinuous  and  of  the  law  of  resistance  in  parallel  channels:  Roy.  Soc. 
Philos.  Trans..  I>ondon,  vol.  174,  pp.  935-982,  1883.  Also,  The  two 
manners  of  motion  of  water:  Roy.  Inst.  Great  Britain  Proc.,  1884. 


its  actual  sinuosity  was  a  matter  of  observa- 
tion. To  a  large  exti^nt  the  curvature  of  the 
flow  lines  was  shown  by  the  motions  of  minute 
suspended  particles,  and  when  tliis  evidence 
was  lacking  it  was  stiU  possible  to  infer  diver- 
sity of  current  from  continual  changes  in  the 
configuration  of  the  water  surface. 

It  is  probable  that  all  the  diversities  of  flow 
were  rhythmic,  for  that  is  the  nature  of  in- 
equahtics of  motion  developed  by  the  inter- 
action of  constant  forces;  but  in  many  cases 
the  rhythms  were  so  numerous  and  so  related 
in  period  and  other  characters  that  their  com- 
bination gave  the  impression  of  irregidaiity. 
In  many  other  cases,  however,  some  one 
rhythm  was  dominant,  and  these  cases  appear 
especially  worthy  of  study. 

The  cycle  of  movements  constituting  a 
rhythm  unit  may  be  definitely  related  to  space, 
or  to  time,  or  to  both  space  and  time.  The 
pulsations  of  the  water  surface  wliich  ob- 
structed our  observations  of  water  profile  were 
manifestations  of  time  factors.  The  regular 
sequence  of  dime  crests  was  a  manifestation 
of  a  space  factor.  The  two  phenomena  co- 
existed. In  the  space  interval  from  dune  crest 
to  dime  crest  certain  elements  of  motion  were 
constant.  There  was  a  large  stationary  vortex 
in  the  hollow  between  the  crests  (fig.  10,  p.  31), 
and  there  might  bo  stationary  elements  in  the 
configuration  of  tlie  water  surface.  At  the 
same  time  the  flow  lines  of  the  water  at  all 
points  swayed  in  direction  and  were  affected 
by  variations  of  velocity,  and  these  changes 
were  rhythmic  witla  respect  to  time.  Doubt- 
less many  of  the  fluctuations  belonged  to  or 
were  associated  with  vortices  which  traveled 
with  the  general  current.  It  is  conceivable, 
or  even  probable,  that  the  stationary  features 
and  the  traveUng  features  were  coordinated,  so 
that  within  the  rhythmic  space  unit  corres- 
ponding to  the  dune  interval  there  was  a 
cycle  of  variations  of  motion  wliich  was 
rhythmic  with  respect  to  time. 

The  rh^-thnuc  dunes  marched  slowly  down  the 
trough  and  with  them  marched  the  mtercrest 
vortices  and  associated  motions.  To  that  ex- 
tent the  features  of  the  bed  controlled  the  fea- 
tures of  the  current.  Nevertheless  the  dunes 
were  not  essential  to  the  existence  of  a  water 
rhythm  characterized  by  a  definite  space  inter- 
val.    There  was  positive  evidence  that  the  dune 
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interval  was  determined  by  a  preexistent  water 
rhj-tlim.  Not  only  was  the  dune  interval  a 
f miction  of  depth  and  velocity  of  cm-rent/  but 
the  creation  of  dimes  by  water  rhythm  was 
repeatedly  obseiwed.  In  certain  experiments  a 
slow  current,  moving  over  a  bed  of  debris  arti- 
ficially smoothed  and  leveled,  was  gradually 
quickened  until  transportation  began.  The 
movement  of  particles  tUd  not  begin  at  the  same 
time  all  along  the  bed  but  was  initiated  in  a 
series  of  spots  separated  by  uniform  intervals, 
and  the  first  result  of  the  transportation  was  the 
creation  of  a  system  of  dunes. 

In  certain  experiments  on  flume  traction  a 
slow  cm-rent,  mo^^ng  over  a  smooth  channel 
bed  of  wood,  swept  along  a  small  quantity  of 
sand.  With  increase  of  the  load  of  sand  local 
deposits  were  induced,  which  took  the  form  of 
thin  straggluig  patches,  similar  to  one  another 
in  outUne  and  separated  by  approximately 
equal  bare  spaces.  These  moved  slowly  down- 
stream, the  mode  of  progress  bemg  similar  to 
that  of  dunes,  and  with  fm-ther  increase  of  load 
they  acquired  the  typical  profile  of  dmies. 

In  both  gi'oups  of  experiments  it  was  evident 
that  the  primary  rhj-thm  pertained  to  the  water 
and  was  mdependent  of  tlie  work  of  transpor- 
tation. In  the  second  group,  where  sand  swept 
steadily  forward  over  the  whole  area  of  the  bed, 
it  was  evident  that  the  water  rhj-thm  did  not 
involve  reversed  currents  along  the  bed  and 
therefore  did  not  include  such  stationary  vor- 
tices as  accompany  dunes. 

In  the  experiments  on  stream  traction  the 
development  of  dunes  was  conditioned  by  the 
three  factors  of  velocity,  depth,  and  load,  be- 
sides an  undetermined  influence  from  fineness 

■  Measurements  of  dune  interral  in  the  laboratory  were  too  few  to  dem- 
onstrate the  factors  of  control,  but  comparison  of  laboratory  data  with 
data  from  other  sources  leaves  little  q\iestion  that  control  is  exercised  by 
depth,  velocity,  and  fineness.  In  the  laboratory,  where  depths  were  a 
matter  of  inches,  the  dune  interval  rarely  exceeded  2  feet.  In  Mississippi 
River  depths  measured  in  scores  of  feet  are  associated  with  intervals 
measured  in  hundreds  of  feet.  In  tidal  estuaries,  where  dunes  of  a 
special  type  are  exposed  at  low  tide,  the  depths  of  the  formative  cur- 
rents are  intermediate  lietween  those  of  the  laboratory  and  those  of  the 
Mississippi,  while  the  intervixls  are  measured  in  feet  or  fens  of  feet.  For 
data  of  the  Mississippi  see  Johnson,  J.  B.,  Rept.  Chief  Eng.  U.  S.  A., 
1S79,  pp.  1963-1967,  and  Eng.  News,  1885,  pp.  68-71;  Powless,  W.  H., 
Mississippi  River  Comm.  Rept.  for  1881,  pp.  66-120;  and  especially 
Hider,  Arthur,  Mississippi  River  Comm.  Rept.  for  bS82,  pp.  83-88.  For 
data  on  the  dunes  of  tidal  estuaries  see  Coniish,  Vaughan,  Geog.  Jour., 
vol.  IS,  pp.  170-202,  1901.  Hider  finds  that  the  dune  interval  is  greater 
at  high  stages  of  the  river  than  at  low,  the  depth  and  velocity  l)ofi 
decreasing  with  the  change  from  high  to  low.  Cornish's  observations 
show  that  the  interval  varies  directly  with  depth  of  current  under  condi- 
tions which  make  it  probable  that  the  velocity  varies  inversely  with 
depth. 


of  debris.-  It  is  probable  that  load  and  fine- 
ness enter  only  as  factors  of  resistance,  so  that 
the  essential  conditions  are  velocity,  depth,  and 
bed  resistance.  Within  certain  rather  wide 
ranges  of  value  for  these  controllmg  factors  the 
bed  is  molded  into  dunes.  Wlien  the  limit  is 
exceeded  by  increase  of  velocity  or  resistance, 
or  by  decrease  of  depth,  the  dunes  disappear 
and  the  bed  becomes  smooth  and  plane.  At 
the  same  time  the  oscillations  and  other  dis- 
turbances of  the  water  surface  are  reduced;  ])ut 
as  they  do  not  altogether  disappear  it  is  to  be 
inferred  that  the  flow  is  still  characterized  by 
internal  diversity. 

With  still  further  increase  of  velocity  or 
resistance,  or  mth  further  reduction  of  depth, 
another  critical  point  is  passed,  and  the  process 
of  traction  becomes  again  rhythmic,  but  in  an 
antithetic  way.  The  bed  is  molded  into  anti- 
dunes,  which  travel  upstream  (pp.  31-34), 
and  the  water  surface  also  is  molded  into 
waves,  wliich  copy  the  forms  of  the  antidunes 
and  move  with  them.  The  internal  move- 
ment of  the  water  is  again  characterized  by  a 
dominant  rhythm,  but  the  type  of  rhythm  is 
cUfferent  from  that  associated  with  dimes. 
The  rhythm  is  also  less  stable,  and  its  intensity 
exhibits  a  cycle  of  change.  With  low  intensity 
the  waves  are  nearly  equal  in  height  and 
length,  but  sooner  or  later  inequaUties  develop 
and  the  liigher  waves  overtake  the  lower  and 
absorb  them.  This  process  increases  the  wave 
length  in  the  upstream  part  of  the  trough,  and 
the  influence  of  the  change  is  in  some  way 
communicated  to  the  downstream  end,  where 
the  waves  are  first  formed,  with  the  result 
that  larger  and  larger  waves  develop.  Finally 
a  master  wave,  with  curhng  crest,  rushes 
through  the  trough  from  end  to  end,  and  tliis 
has  the  effect  of  wiping  out  the  irregularities 
and  restoring  the  status  of  low  intensity. 
Various  phases  of  the  cycle  are  illustrated  by 
the  profiles  in  figure  12  Cp.  33). 

Wlien  combinations  of  velocity,  resistance, 
and  depth  similar  to  those  causing  antidunes 
are  made  for  a  stream  flowing  through  a  rigid 
straight  channel,  without  movable  debris,  the 
water  develops  surface  waves,  and  these  travel 

-  Eger,  DLx,  and  Seiiert  (Zeitschr.  Bau.wesen,  vol.  56,  pp.  325-32S) 
found  that  under  certain  conditions  dunes  were  developed  in  a  sand  of 
uniform  grade  but  not  in  a  finer  sand  composed  of  several  grades.  In 
our  experiments  the  smooth  phase  of  transportation  had  greater  lange 
with  mixed  grades  than  with  single  grades. 
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downstream  faster  than  the  current.  They 
are  initially  rhythmic,  but  their  period  is 
unstable  because  their  velocity  of  propagation 
varies  with  their  size.  A  wave  wdth  slight 
advantage  in  size  wiU  overtake  the  one  in 
front  of  it,  and  then  the  two  wiU  unite,  making 
a  wave  with  still  liigher  velocity.  Thus  the 
system  tends,  for  a  time  at  least,  toward 
reduction  of  the  number  of  waves  and  increase 
of  the  wave  interval.  As  the  waves  grow  by 
composition,  their  fronts  steepen  and  the 
culminating  phase  is  that  of  a  "roll  wave,"  or 
bore.^  It  may  be  noted,  in  passing,  that  the 
pulsations  frequently  observed  in  the  overfall 
of  a  dam  are  probably  rhythms  of  this  tj'pe. 

It  may  be  assumed,  at  least  tentatively, 
that  all  the  dominant  rhythms  observed  in 
straight  conduits  are  initiated  at  the  intake. 
Those  associated  with  low  velocity  and  an 
immobile  bed  appear  to  be  stationary,  but 
with  a  mobile  bed  they  develop  dunes,  and 
they  then  travel  downstream  with  the  dunes. 
Those  associated  with  liigh  velocity  and  an 
immobile  bed  develop  waves  of  translation 
which  travel  downstream.  With  a  mobile  bed 
antidunes  are  developed,  and  surface  waves 
travel  with  them  upstream.  It  is  possible 
that  the  antidune  waves  coexist  with  the 
waves  of  translation,  and  that  the  cycle  of 
intensity  in  the  antidune  phenomena  results 
from  the  interactions  of  the  two  systems. 

If  there  is  warrant  for  the  various  correlations 
above  indicated,  the  phenomena  developed  by 
our  experiments  in  connection  Avith  modes  of 
debris  transportation  afford  a  basis  of  classifi- 
cation for  a  considerable  body  of  water 
rhythms.  What  we  have  called  the  smooth 
phase  of  traction  marks  a  critical  phase  of 
water  flow  separating  two  types  wliich  are 
characterized  by  dominant  rhythms,  and  the 
two  dominant  rhythms  are  in  some  way  anti- 
thetic. The  nature  of  their  antithesis  is  not 
known  to  me,  nor  is  the  character  of  either 
rhythm;  but  it  appears  that  the  experimental 
and  analytic  study  of  the  rhythms  constitutes 
a  field  of  research  which  is  at  the  same  time 
promising  and  important.  I  assume  that  the 
definite  rhythms  of  water  by  which,  when 
debris  is  present,  the  dunes  and  antidunes  are 
caused  are  susceptible  of  analj-tic  treatment, 

1  See  Comish,  Vaughan,  Progressive  waves  in  rivers;  Oeog.  Jour. 
(London),  vol.  29,  pp.  23-31, 1907. 


and  I  beUeve  that  the  experiment  trough 
affords  the  means  of  preliminary  delineation 
and  ultimate  verification. 

THE  VERTICAL  VELOCITY  CURVE. 

No  systematic  study  was  made  of  the  distri- 
bution of  velocities  witliin  the  streams  of  the 
laboratory,  but  incidentall}',  in  connection  with 
several  different  minor  inquiries,  the  vertical 
distribution  of  velocities  in  the  medial  plane 
was  recorded;  and  it  happens  that  some  of 
these  records  serve  to  illustrate  the  depend- 
ence of  that  distribution — -the  vertical  velocity 
curve — on  certain  conditions.  The  observa- 
tions were  made  with  the  Pitot-Darcy  gage. 

The  fii'st  to  be  reported  were  made  ia  con- 
nection with  a  comparison  of  the  free  outfall 
(fig.  1,  p.  19)  and  the  contracted  outfall  (fig.  3, 


Figure  73.— Modifliati 


t-ertlL-al  i 
outfall. 


?locity  curve  by  approach  to 


p.  25).  The  trough  used  with  free  outfaU  had 
smooth  sides  and  bed,  was  1  foot  wide,  and 
was  set  level.  The  stream  of  water,  0.734 
ft.^sec,  carried  no  debris.  Its  surface  slope 
gradually  increased  toward  the  outfall,  and  the 
mean  velocity  increased  with  the  fall  of  the 
surface.  Velocities  were  measured  at  three 
points,  respectively,  5.5  feet,  2.3  feet,  and  0.8 
foot  from  the  outfaU.  Their  curves,  given  in 
figure  73,  show  that  the  acceleration  as  well  as 
the  velocity  increased  as  the  outfaU  was  ap- 
proached, and  that  there  was  a  coordinate 
modification  of  the  shape  of  the  curve.  In  the 
first  curve  it  is  evident,  despite  a  discordance 
among  the  determined  points,  that  the  level  of 
maximum  velocity  is  somewhat  above  mid- 
depth;  in  the  second  the  maximum  is  near  raid- 
depth;  and  in  the  thiid  it  is  below.  The  accel- 
eration, for  which  an  integrated  expression 
appears  in  the  horizontal  space  between  curves, 


PROBLEMS   ASSOCIATED   WITH   RHYTHM. 


245 


seems  to  have  affected  the  lower  part  of  the 
current  more  than  the  upper. 

The  trough  used  w-ith  contracted  outfall  was 
0.92  foot  wide  and  was  contracted,  hi  the 
manner  showTi  m  figure  3  (p.  25)  to  0.30  foot. 
The  obhque  walls   producing  the  contraction 


2. 


\  \ 


Velocity 

FiGUKE  74. — Modification  ot  vertical  velocity  curve  by  approach  to 
contracted  outfall. 

were  3  feet  long.  The  first  Velocity  station 
was  1.5  feet  from  the  outfall,  at  a  point  where 
the  width  was  0.64  foot;  the  second  and  third 
were  at  0.75  and  0.25  foot  from  the  outfall, 
corresponding  to  widths  of  0.47  and  0.35  foot. 
The  velocity  curves,  given  hi  figure  74,  show 
the  descent  of  the  plane  of  maximum  velocity 
from   a  position  slightly  above  middepth  to 


Figure  75. — riau  of  experiment  trough  ■with  local  contraction.  The 
letters  show  stations  at  which  velocities  were  observed,  and  are  re- 
peated in  figures  7G  and  77.    Scale,  1  inch=2  feet. 

near  the  bottom.  The  acceleration,  in  tlus 
case  connected  with  contraction  of  channel, 
as  well  as  ^\ith  the  release  at  outfall  from  the 
channel  resistance,  is  a  function  of  depth. 

In  the  tlurd  aiTangement  a  trough  0.92  foot 
wide,  with  a  slope  of  0.58  per  cent,  was  con- 
tracted at  one  point  in  the  manner  indicated 
in  figure  75.     Tliis  gave  to  the  stream  such  a 


Figure  76. — Proflle  ol  wati 


r  surface  in  trough  shown  in  figure  75.    Scale 
1  inch=2feet. 


profile  as  is  sketclied  in  figure  76.  Velocities 
were  measured  at  four  points,  the  distances 
from  the  point  of  extreme  contraction  being 
2.0  feet,  1.0  foot,  0.5  foot,  and  0,  and  the  corre- 
sponding widths  of  cinrent  0.92,  0.55,  0.37, 
and  0.19  foot.     The  velocity  curves  are  plotted 


in  figure  77.  The  level  of  maximum  velocity 
is  at  or  near  the  surface  at  the  point  of  hiitial 
contraction.  A,  and  then  drojis  quickly,  being 
below  0.9  depth  in  the  narrowest  strait,  D. 
In  this  case  also  the  acceleration  appears  to 
increase  in  regular  manner  vnth  distance  from 
the  surface. 

To  avoid  the  peculiarities  observed  near  the 
outfall,  as  well  as  those  appropriate  to  intake 
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FiGtjRE  77. — Modification  of  vertical  velocity  curve  by  local  contrao- 
tion  of  channel.  The  letters  indicate  positions  of  velocity  stations  in 
trough.    (See  fig.  75.) 

conditions,  all  other  determinations  of  the 
curve  were  made  near  midlength  of  the  trough, 
the  ordinary  distance  from  the  outfall  being 
17  feet  and  the  least  distance  13  feet. 

In  figure  78  are  three  curves  illustrating 
the  influence  of  slope  of  channel.  The  trough 
was  1.96  feet  wide  and  its  sides  and  bed 
were  smooth;  the  discharge  was  1.119  ft.Vsec. 
Curve  A  shows  velocities  17  feet  from  the  out- 
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Figure  7S. — Modification  of  vertical  velocity  cur\'e  when  mean  velocity 
is  increased  by  change  of  slope. 

fall,  vrith  tlie  trough  level;  B  corresponds  to  a 
slope  of  0.26  per  cent  and  C  to  0.56  per  cent. 
With  the  trough  level,  maximum  velocity 
occurs  at  about  0.75  depth,  and  -with  both 
incluiations  of  trough  its  position  is  indicated 
at  from  0.2  depth  to  0.3  depth.  As  curve  0 
differs  in  type  from  aU  others  obtained,  and  as 
it  may  be  made  harmonious  by  rejecting  a 
single  observation,  it  is  thought  probable  that 
the  dotted  line  better  expresses  the  fact.     Its 
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substitution  throws  the  maximum  to  the  sur- 
face of  the  water  and  makes  a  consistent  series 
of  the  tliree  curves. 

In  another  series  of  observations  the  trough 
remained  horizontal  while  the  discharge  was 
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Figure  79. — Modification  of  vertical  velocity  curve  whou  mean  velocity 
is  increased  by  change  of  discharge.  The  corre-sponding  discharges 
are  indicated  in  ft-^sec. 

varied.  The  width  was  0.66  foot,  and  the  dis- 
charges 0.182,  0.363,  0.545,  0.734,  and  0.923 
ft.'/sec.  The  resultmg  curves  (fig.  79),  with 
exception  of  that  for  the  smallest  discharge, 
form  a  consistent  series,  the  level  of  maximum 
velocity  rising  slowly  with  mcrease  of  discharge. 
In  this  case  also  the  discordant  curve  may  be 
brought  mto  harmony  by  the  rejection  of  a 


Velocity 


Figure  80. — Modification  of  vertical  velocity  cur\-e  by  changes  in  the 
roughness  of  the  channel  bed.  Curve  1,  paraflBn;  2,  roughness  of  debris 
grade  (.\);  3,  roughness  of  grade  (D);  -1,  roughness  of  grade  (F). 

single  observation,   and   a  substitute  curve  is 
suggested  in  the  diagram  by  a  broken  line.' 

In  another  series  the  texture  of  the  channel 
bed  was  made  to  vary.  Constant  features  were 
the  discharge,  0.734  ft.Vsec;  the  width,  0.92 
foot;  the  slope,  0.58  per  cent;  and  the  texture 
of  the  channel  sides,  which  were  planed  and 
unpainted.  The  varieties  of  bed  texture  were 
(1)   paraffin,   coating  a  smooth  board;    (2)   a 

I  In  this  instance,  in  the  one  before  mentioned,  and  also  in  the  case  of 
three  curves  in  figure  80  the  aberrant  point  records  a  measurement  which 
was  made  very  near  the  surface  of  the  water.  In  such  positions  the 
constant  of  the  Pitot-Darcy  gage  has  a  special  value,  and  it  is  on  the 
whole  probable  that  the  appai'ent  errors  of  observation  are  occasioned 
by  an  error  of  the  rating  formula.  The  matter  is  discussed  in 
Apiiendis  A. 


pavement  of  debris  of  grade  (A) ;  and  (3  and  4) 
simdar  pavements  with  grades  (D)  and  (F). 
The  observed  curves,  given  in  figure  80,  indi- 
cate that  the  resistance  occasioned  by  a  rough 
bed  retards  the  whole  curi-ent  but  retards  the 
lower  parts  in  greater  degi-ee  than  the  upper, 
so  that  the  level  of  maximum  velocity  is  raised. 
The  amount  of  retardation  is  greater  as  the 
texture  of  the  bed  is  coarser. 

In  figure  81  are  two  curves  illustrating  the 
influence  of  load  on  the  vertical  distribution  of 
velocity.  One  curve  was  observed  in  a  stream 
without  load,  flowuig  over  a  smooth  and  hori- 
zontal bed,  the  other  in  the  same  stream  when 
caiTVUig  a  load  of  17  gm./soc.  on  a  self-adjusted 
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Figure  SI. — Modification  of  vertical  velocity  curve  by  addition  of  load 
to  stream,  with  corresponding  iacrease  of  slope.  A,  ■without  load;  B 
with  load. 


slope  of  0.64  per  cent.  To  judge  from  the  data 
shown  in  figure  78  (p.  245),  the  efl'ect  of  slope 
alone  would  be  to  double  or  nearly  double  the 
mean  velocity,  but  the  actual  increase  was  only 
13  per  cent.  The  acceleration  due  to  slope  was 
ahnost  wholly  neutraUzed  by  the  retardation 
due  to  roughness  of  bed  and  to  the  work  of 
traction.  The  retardation  had  also  the  effect 
of  raising  the  level  of  maximum  velocitv. 


Velocity 


Figure  82. — Modificatioa  of  vertical  velocity  curve  by  addition  and 
progressive  increase  of  load. 

Similar  contrasts  are  shown  in  figure  82, 
where  the  curve  for  an  uidoaded  stream  is  com- 
pared with  curves  for  the  same  stream  when 
traiLsportmg  tliree  different  loads.  The  con- 
stant factors  in  this  case  are :  Width  of  channel. 
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0.66  foot;  discharge,  0.545  ft.Vsec;  grade  of 
debris,  (C).    The  variables  are  as  follows: 

Load gm./seo . .       0  38  53  194 

Slope  of  bed...  per  cent..       0         0.38       0. 5(i         1.14 

Depth  at  17  feet  from  out- 
fall  feet..  0.353     0.313      0.303      0.226 

Mean  velocity.  ..ft. /sec    2. -57       2.64       2.73        3.  6G 

Level  of  ma.Kimum  veloc- 
ity; measured  from  the 
surface  as  a  fraction  of 
depth 0.7        0.1  0  0 

Letter  indicating  curve  in 
figure82 1  B  C  D 

With  the  slope  of  0..3S  per  cent  the  sand  moved 
in  dune.s;  with  0.50  per  cent  the  phase  of  trac- 
tion was  transitional  between  the  dune  and  the 
smooth;  wdth  1.14  it  was  transitional  between 
the  smooth  and  the  antidune.  The  conspicu- 
ous change  associated  with  the  addition  of  load 
is  the  raising  of  the  level  of  ma.ximum  velocity, 
and  tliis  is  correlated  also  with  mcrease  of  slope, 
increase  of  mean  velocity,  decrease  of  depth, 
and  modification  of  the  mode  of  traction. 

The  plotted  points  for  velocities  near  the 
channel  bed  are  irregular  when  the  observations 
were  made  above  a  bed  of  loose  debris,  and 
httle  use  has  been  made  of  them  in  drawing  the 
curves.  As  pre\'i()usly  mentioned,  the  presence 
of  the  gage  caused  a  deflection  of  the  lines  of 
flow  and  the  formation  of  a  hoUow  in  the  bed. 
Not  only  was  it  impossible  to  observe  with 
accuracy  the  relation  of  the  instrument  to  the 
normal  position  of  the  bed,  but  the  velocity 
observed  was  liigher  than  that  normaUy  asso- 
ciated with  tlie  depth  at  wliich  the  instrument 
was  placed.     (See  Appendix  A.) 

In  most  of  the  groups  of  curves  the  variations 
of  form  are  associated  with  simidtaneous  varia- 
tions of  so  many  conditions  that  the  nature  of 
the  control  is  not  evident.  For  satisfactory 
mterpretation  a  fuller  series  of  observations 
seems  to  be  rec^uired,  but  certain  inferences  may 
be  drawn  from  those  before  us. 

Many  of  the  peculiarities  of  form  are  con- 
nected with  the  position  of  the  level  of  maximum 
velocity.  The  movements  of  the  maximum  in 
relation  to  depth  of  cm-rent  are  of  two  kinds.  It 
rises  with  increase  of  depth  when  that  increase 
is  caused  by  increase  of  cUscharge  (fig.  79).  It 
f  aUs  with  increase  of  depth  w  hen  that  increase  is 
independent  of  di.scharge  (figs.  7S,  81,  and  82). 
Apparently  depth,  considered  by  itself,  is  not 
a  factor  of  control.  The  ma.ximum  rises  with 
increase  of  mean  velocity  when  that  increase  is 


due  to  increase  of  discharge  (fig.  79),  or  of 
slope  (fig.  78),  but  falls  with  increase  of  mean 
velocity  when  the  increase  is  due  to  lessened 
resistance  of  the  channel  bed  (figs.  7.3,  80,  81, 
and  82).  Apparently  mean  velocity,  consid- 
ered by  itself,  is  not  a  factor  of  control.  If  we 
give  attention  to  the  three  factors  on  which 
depth  and  mean  velocity  chiefly  depend — 
namely,  discharge,  slope,  and  bed  resistance — 
a  more  consistent  relation  is  found.  Variations 
of  discharge  affect  only  the  group  of  curves  in 
figure  79,  and  there  the  maximum  rises  with 
increase  of  discharge.  Slope  affects  the  groups 
in  figures  78,  81,  and  82,  and  in  each  case  the 
maximum  rises  with  increase  of  slope.  Bed 
resistance  affects  the  gi-oups  in  figures  80,  81, 
and  82,  and  in  each  case  the  maximum  rises 
with  increase  of  resistance. 

The  lowering  of  the  level  of  maximum  veloc- 
ity as  the  point  of  outfall  is  approached  (fig.  73) 
is  a  harmonious  feature,  but  in  that  case  there 
is  substituted  for  progressive  reduction  of  bed 
resistance  an  abrupt  cessation  of  all  channel 
resistance.  The  resulting  acceleration  is  propa- 
gated upstream,  and  its  amount  has  a  vertical 
distribution  coimected  with  pressure.  In  the 
case  of  contracted  outfall  (fig.  74),  there  is 
added  an  effect  of  convergence,  wiiich  still  fur- 
ther illustrates  the  graduation  of  acceleration 
in  relation  to  pressure.  The  influence  of  con- 
traction is  important  in  other  connections,  but 
need  not  be  further  tUscussed  in  this  place. 

The  influence  of  outfall  may  extend  to  a 
considerable  number  of  the  curves  here  figured. 
In  most  of  the  experiments  made  without 
contraction  at  outfall  there  was  progressive 
decrease  of  depth  and  increase  of  mean 
velocity,  from  some  point  near  the  head  of  the 
trough  to  its  end.  This  was  most  marked 
when  the  bed  of  the  trough  was  horizontal 
(figs.  73,  78.4,  79,  81.4,  and  82.4).  Reasoning 
from  the  observed  fact  that  acceleration  in- 
creases with  depth,  I  think  it  probable  that 
under  such  conditions  the  level  of  maximum 
velocity  lies  lower  than  it  woukl  with  a  uniform 
mean  velocity. 

Returning  to  the  consideration  of  discharge, 
slope,  and  resistance,  we  may  note  that  the 
A^ariable  resistance  with  wiiich  variations  of 
the  curve  have  been  defuiitely  correlated  is  bed 
resistance.  In  all  the  experiments  the  channel 
sides  had  the  same  texture,  so  that  the  side 
resistance  was  approximately  proportional  to 
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the  depth.  The  level  of  maximum  velocity 
thus  has  the  same  relation  to  side  resistance  as 
to  depth;  it  sometimes  rises  and  sometimes 
falls  when  side  resistance  is  increased.  While 
a  probability  exists  that  side  resistance  influ- 
ences the  position  of  the  maximum,  the  nature 
of  its  influence  is  not  shown  by  the  observations 
under  consideration. 

Discharge  and  slope,  or  the  energy  factors 
which  they  help  to  measure,  urge  the  water 
forward,  and  their  influence  is  apphed  to  the 
whole  stream.  Bed  resistance  holds  the  stream 
back  but  is  applied  to  its  base  only.  The 
obvious  tendency  of  these  forces  is  to  make  the 
upper  part  of  the  stream  move  faster  than  the 
lower  and  produce  a  velocity  curve  vdih  maxi- 
mum at  the  water  surface.  This  tendency  is 
opposed  by  some  other  factor,  unknown,  which 
tends  to  depress  the  level  of  the  maximum. 
Wliatever  that  other  factor  may  be,  it  loses  m 
relative  importance  when  discharge,  slope,  or 
bed  resistance  is  increased. 

A  noteworthy  feature  of  the  curves  is  a 
tendency  to  change  in  character  near  the  bed. 
The  observations  are  not  so  precise  nor  so  full 
as  to  afl^ord  a  distinct  characterization  of.  the 
change,  but  there  can  be  little  question  of  its 
existence.  It  woidd  appear  that  the  peculiar 
conditions  near  the  bed  give  great  local  impor- 
tance to  some  factor  of  velocity  control  which 
is  elsewhere  of  mmor  importance.  Attention 
may  also  be  directed  to  the  fact  that  none  of 
the  curves  resembles  an  ordinary  parabola 
with  horizontal  axis.  Had  these  been  the 
vertical  velocity  curves  to  which  mathematical 
formulas  were  first  fitted,  the  equation  of  the 
parabola  would  not  have  been  used. 

The  statement,  above,  that  the  factor 
tending  to  depress  the  level  of  maximum 
velocity  below  the  water  surface  is  unknown 
is  perhaps  rash,  for  several  theories  as  to  its 
nature  have  been  advanced  with  confidence. 
To  put  the  matter  more  cautiously — it  has 
seemed  to  me  that  each  theory  of  which  I  have 
read  was  effectually  disposetl  of  by  the  discus- 
sion which  it  aroused.  However  that  may  be, 
there  is  certaudy  room  for  another  suggestion, 
and  this  I  proceed  to  offer. 

Reynolds  '  arranged  an  experiment  in  which 
a  hquid  was  made  to  flow  over  another  denser 
liquid,  the  two  being  immiscible.     Below  a  cer- 
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tain  velocity  the  surface  of  contact  was  smooth, 
but  above  the  critical  velocity  the  surface  was 
occupied  by  a  system  of  equal  waves,  wliich 
moved  in  the  direction  of  flow  but  more  slowly. 
With  miscible  hquids,  or  with  two  bodies  of 
identical  liquid,  the  waves  are  replaced  by  vor- 
tices. Under  some  conditions  the  vortices  are 
as  regularly  spaced  as  the  waves,  but  usuaUy 
they  are  less  regular,  and  various  compUcations 
arise.  The  development  of  such  vortices  may 
reacUly  be  watched  on  a  river  surface  wherever 
adjacent  parts  move  with  quite  different  veloci- 
ties or  move  in  opposite  directions.  Such  vor- 
tices have  vertical  axes,  and  their  direction  of 
rotation  is  determined  by  the  differential  mo- 
tion of  the  adjacent  .currents.  If  we  conceive 
the  water  of  a  vortex  as  a  body  between  parallel 
and  opposed  currents,  then  its  direction  of  rota- 
tion is  due  to  a  mechanical  couple  contributed 
by  the  currents. 

Transferring   attention   to   the   longitudinal 
vertical  section  of  ii  stream,  we  find  c.  cou]ilo  of 


Figure  83. — Ideal  longitudinal  section  of  a  stream,  illustrating  hypothe- 
sis to  account  for  the  subsurface  position  of  the  level  of  maximum 
velocity. 

which  one  element  is  the  general  forward  move- 
ment of  the  current  and  the  other  is  the  bed 
resistance.  These  tend  to  produce  and  main- 
tain vortices  with  horizontal  axes  transverse 
to  the  channel  and  with  forward  rotation — that 
is,  with  the  rotation  of  a  wheel  rolhng  forward  in 
the  direction  of  flow.  To  visualize  these  fea- 
t  ures,  figure  83  gives  an  ideal  section  of  a  stream, 
withflowfrom  left  to  right,  and  the  ovals ^4, 5,  C 
represent  a  system  of  forward-rolling  vortices. 
The  arrows  withm  an  oval  show  cUrection  of 
rotation,  and  it  is  important  to  recognize  that 
the  motions  they  indicate  are  referred  to  the 
center  of  the  vortex,  or  to  the  vortex  as  a 
whole,  and  not  to  the  fixed  bed  of  the  chaimel. 
With  reference  to  the  bed  all  parts  of  the  vortex 
are  moving  toward  the  right,  the  lower  part 
merely  moving  slower  than  the  upper. 

The  tendency  of  vortices  toward  circular 
forms  leaves  certain  tracts  of  the  section  unoc- 
cupied by  the  system  of  vortices.  Consider  tlie 
tract  D,  bounded  below  by  the  bed  and  above 
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by  parts  of  vortices  A  and  B,  and  give  attention 
to  the  motions  by  which  the  water  in  the  tract 
is  surrounded  and  influenced,  taking  care  to  re- 
fer each  motion  to  the  middle  of  the  tract  itself. 
Thus  referred,  the  motion  of  the  adjacent  part 
of  the  rear  vortex  A  is  to  the  left  and  down- 
ward, that  of  the  forward  vortex  B  is  to  the 
left  and  upward,  and  that  of  the  bed  is  to  the 
left.  The  motions  are  indicated  by  arrows. 
The  influences  of  the  vortices  tend  to  make  the 
water  about  D  rotate  backward,  wliile  the  influ- 
ence of  the  bed  tends  to  make  it  rotate  forward. 
The  result  is  not  a  priori  evident,  but  may  be 
assumed  to  be  sometlihig  difl'erent  from  simple 
rotation.  Its  possibilities  ^\•iU  again  be  re- 
ferred to. 

Now  consider  the  tract  E,  bounded  below  by 
parts  of  A  and  B  and  above  by  the  water 
surface,  and  give  attention  to  the  motions  by 
which  its  water  is  afi^ected.  Motions  being 
referred  as  before  to  the  tract  itself,  that  of 
vortex  yl  is  to  the  right  and  downward,  and 
that  of  vortex  5  is  to  the  right  and  upward. 
Above  is  the  motion  of  the  au",  which,  in  the 
absence  of  wind,  is  to  the  left,  as  indicated  by 
an  arrow.  The  tliree  influences  to  which  the 
tract  of  water  is  subject  aU  tend  to  give  a 
backward  rotation,  as  indicated  in  a  similar 
position  at  F.  The  vortex  F  is  secondary  to 
theyl,  B,  Csystem  and  rotates  in  the  opposite 
direction.  If  its  motions  be  referred  to  the 
fixed  stream  bed,  it  is  evident  that  the  water 
in  its  upper  part  moves  in  the  direction  of  the 
current  less  rapidly  than  the  water  in  its  lower 
part.  The  existence  of  such  a  vortex  therefore 
tends  to  reduce  the  average  velocity  at  the 
surface  of  the  cm-rent  and  increase  it  at  some 
lower  level. 

Abandoning  now  the  specific  and  ideal  case, 
we  may  state  the  h^'pothesis  m  general  terms. 
Among  the  important  causes  of  vortical  motion 
in  a  river  or  other  stream  is  the  mechanical 
couple  occasioned  by  the  general  forward 
motion  of  the  water  in  conjunction  with  the 
resistance  of  the  bed.  This  tends  to  form 
vortices  with  horizontal  axes  and  forward  roll; 
and  the  tendency  is  probably  strongest  in  the 
lower  part  of  the  stream.  In  a  space  adjacent 
to  two  forward-rolling  vortices  there  exists  a 
tendency  toward  the  development  of  a  second- 
ary, backward-rolluig  vortex,  but  this  tendency 
is  apt  to  be  nullified  by  other  and  adverse 
influences   except   in   the   upper   j^art    of   the 


stream.  The  free  smiace  of  the  water  does 
not  oppose  the  development  of  such  reversed 
vortices.  Wlierever  reversed  vortices  abound 
the  velocity  at  the  surface  (averaged  with 
respect  to  time)  is  less  than  at  some  level  below 
the  sm^ace. 

The  hy])othesis  as  stated  has  no  stationary 
element,  but  the  phenomena  of  incipient  dunes 
show  that  in  certain  cases  repetitive  motions 
are  associated  with  stationary  space  divisions. 
A  supplementary  suggestion  assigns  these 
repetitive  motions,  or  their  initial  phases,  to 
the  triangular  space  D  in  the  ideal  diagram, 
figure  83.  The  forces  tendmg  toward  rotation 
in  that  space  are  antagonistic;  and  the  sugges- 
tion is  (1)  that  they  produce  some  sort  of 
alternating  movement  with  regular  periodicity, 
and  (2)  that  the  time  interval  of  tliis  move- 
ment, in  combmation  with  the  forward  move- 
ment of  the  major  vortices  ^1,  B,  C,  yields  a 
stationary  space  interval. 

An  investigation  based  on  this  line  of  sugges- 
tion and  designed  to  test  it  should  lead  also  to 
an  explanation  of  the  observed  changes  m  the 
method  by  which  traction  is  accomplished. 
The  dune  method  is  associated  with  a  depth 
which  is  large  in  relation  to  the  mean  velocity 
and  with  a  moderate  bed  resistance.  It  is 
replaced  by  other  methods  in  consequence  of 
(1)  a  reduction  of  depth,  or  (2)  an  increase  of 
velocity,  or  (3)  an  mcrease  of  resistance. 
Reduction  of  depth  diminishes  the  space  for 
development  of  the  hypothetic  vortices.  In- 
crease of  velocity  or  of  resistance  tends  to 
enlarge  their  pattern.  In  either  case  the 
coercion  of  the  water  siu-face  restricts  the 
freedom  of  vortical  movements  and  imposes 
conditions  tencUng  to  modify  their  system. 

THE  MOVING  FIELD. 

The  competent  investigator  is  resourceful  in 
the  creation  of  new  apparatus  and  methods  as 
the  need  for  them  arises.  While  fully  conscious 
of  this  fact,  and  of  the  further  fact  that  no 
device  is  of  assured  value  tdl  it  has  been  tried, 
I  yot  can  not  forbear  to  mention,  for  the  benefit 
of  others,  a  method  which  the  Berkeley  experi- 
ence leads  me  to  think  valuable  for  the  study  of 
the  internal  details  of  a  current  of  water. 

In  a  current  limited  by  the  sides  of  a  narrow, 
straight  trough  transverse  movements  are 
largely  suppressed,  so  that  most  of  the  action 
can  be  learned  from  observation  of  what  takes 
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place  ill  vertical  planes  parallel  to  the  axis. 
The  movements  ui  a  vertical  plane  may  be 
exhibited  by  giving  to  the  trough  a  glass  side 
and  by  giving  to  the  water  in  that  plane  ex- 
clusiA^e  illumuiation.  When  one  of  our  labora- 
tory currents,  beuig  illuminated  from  above,  was 
viewed  from  the  side,  small  particles  in  suspen- 
sion were  seen  to  be  conspicuous,  so  conspicu- 
ous, in  fact,  as  to  resemble  the  motes  in  a  sun- 
beam. Some  of  the  particles  were  shreds  of 
wood  fiber  woni  from  the  trough,  and  these 
could  be  more  easily  followed  by  the  eye 
because  of  their  distuictive  forms.  Impressed 
by  this  phenomenon,  I  am  confident  that  water 
movements  in  a  vertical  jilane  can  be  effec- 
tively revealed  by  giving  to  the  water  a  suitable 
amount  of  suitable  suspended  material  and  b}' 
givmg  to  the  selected  plane  a  brilliant  and  ex- 
clusive illumination. 

With  the  aid  of  such  simj)le  arrangements 
much  may  be  seen,  but  measurement  will  be 
difficult;  and  vortical  moA'ements  may  not  be 
easily  discriminated  from  those  which  are 
merely  sinuous.  It  is  believed,  however,  that 
both  these  results  may  be  achieved  by  aid  of 
the  movhig  field.  In  a  very  simple  form  this 
device  was  employed  by  us  in  the  study  of 
processes  of  traction  (p.  27),  and  despite  the 
crudity  of  the  apparatus  it  was  found  to  be 
highly  efficient.  An  experunent  trough  having 
in  its  side  a  glass  panel,  A  A  in  figure  4,  bore  a 
sliding  screen,  B,  in  which  was  an  opening,  0. 
Movuig  debris  was  watched  through  the  open- 
ing at  the  same  time  that  the  screen  and  open- 
ing were  moved  in  the  direction  of  the  current. 
To  the  field  of  view  was  thus  given  a  hori- 
zontal motion,  and  that  motion  was,  in  efl^ect, 
subtracted  from  the  motions  of  the  objects 
obserA^ed.  The  appareJit  motions  were  motions 
in  relation  to  the  moving  field,  and  not  to  the 
fixed  trough.  No  provision  was  made  for  de- 
termuilng  the  velocity  of  the  field,  nor  for 
measuring  the  apparent  motions  of  the  objects 
viewed;  but  even  without  these  devices  for 
quantitative  work,  the  possibilities  of  the 
method  of  obsei-vation  were  sufficiently  evi- 
dent. With  the  necessary  supplementary 
devices,  the  moving  field  promises  to  measure 
the  horizontal  and  vertical  components  of 
motion  in  any  part  of  the  vertical  section,  and 


it  thus  makes  possible  the  complete  delineation 
of  velocities  and  directions  of  details  of  current, 
so  far  as  those  details  may  be  exhibited  in 
longitudinal  vertical  sections.  By  givmg  to 
the  field  a  suitable  velocity  it  should  be  possi- 
ble to  see  a  traveling  vortex  which  rotates  in  a 
vertical  plane,  just  as  vortices  of  horizontal 
rotation  are  seen  on  the  surface  of  a  stream. 

A  notable  defect  in  the  Berkeley  arrangement 
was  the  requirement  that  the  observer  move 
his  head  ui  unison  with  the  moving  field.  This 
interfered  with  steadmess  and  also  limited  nar- 
rowly the  space  covered  by  an  observation.  It 
could  be  remedied  by  substituting  for  the  slide 
a  car  which  should  carry  both  observer  and 
peephole  at  a  determined  rate. 

Another  suggested  arrangement  places  the 
eye  of  the  observer  at  a  fixed  telescope  and 


Figure  s4.— Diagrammatie  plan  of  sugfjested  moving-field  apparatus. 

moves  the  field  by  means  of  a  rotating  mhror. 
This  is  illustrated  by  figure  84,  where  the 
trough  T  is  shown  in  plan.  The  telescope  E 
views  the  trough  through  the  mirror,  which  is 
pivoted  on  a  vertical  axis  at  M.  As  the  plane 
of  the  mirror  rotates  from  a  to  &  the  field  com- 
manded by  the  telescope  moves  from  A  to  B. 
It  is  evident  that  if  the  angular  A^elocity  of  the 
mirror  is  constant  the  linear  motion  of  the  field 
along  the  trough  will  be  relatively  fast  at  A 
and  B  and  relatively  slow  at  0.  The  error  thus 
arising  may  be  avoided  by  some  device  of  the 
nature  of  linkage.  It  wiU  be  corrected  with 
sufficient  approximation  if  the  axis  of  the  mir- 
ror be  controlled  by  a  rigidly  attached  arm 
MD,  which  is  in  turn  controlled  by  an  arm 
about  one-third  as  long,  the  two  havmg  sliding 
contact  at  D  and  the  short  arm  revolving  uni- 
formly about  a  vertical  axis  at  F. 


APPENDIX  A.— THE  PITOT-DAKCY  GAGE. 


SCOPE    OF    APPENDIX. 

Many  measurements  of  velocity  were  niatle 
with  the  Pitot-Darcy  gage,  but  as  only  a  few 
have  been  finally  utiUzed  in  the  preparation 
of  the  report,  a  discussion  of  the  instrument 
seemed  not  appropriate  to  the  main  text. 
Certain  phases  of  our  experience,  however, 
are  thought  worthy  of  record  because  they 
have  practical  bearing  on  the  utihty  and  the 
use  of  such  gages,  and  these  are  the  subject  of 
the  appendix. 

FOKM    OF    IXSTRUMENT. 

Darcy  developed  the  Pitot  tube  by  adding 
a  second  tube,  differently  related  to  the  cur- 
rent, and  by  connecting  the  two  above  with  a 
chamber  from  which  the  air  was  partly  ex- 
hausted. The  water  colimms  in  the  two  tubes 
were  thus  hfted  from  the  Aacinity  of  the  water 
surface  to  a  convenient  position,  where  their 
difference  in  height  could  readily  be  measured. 
In  the  gages  constructed  for  our  use  the 
aperture  of  one  tube  was  directed  upstream 
and  that  of  the  other  dowaistream.  Tlie 
tubes  were  borings  in  a  single  piece  of  brass, 
which  was  shaped  on  the  outside  in  smooth 
contours,  designed  to  interfere  the  least  possible 
with  the  movement  of  the  water.  The  form 
first  given  was  aftei-ward  modified,  and  figure 
85  shows  the  third  and  last  design,  with  which 
most  of  the  work  was  done.  The  openings 
had  a  diameter  of  0.1  inch.  At  the  opposite 
or  upper  end  of  the  brass  piece  were  stopcocks, 
and  above  these  connection  was  made  with 
rubber  tubes,  wliich  led  to  the  complementary 
part  of  the  apparatus,  where  the  difference  in 
height  of  the  two  water  columns  was  observed. 
It  is  convenient  to  call  tue  member  exposed  to 
the  current  the  receiver,  and  the  complemen- 
tary member  the  comparator. 

In  the  comparator  were  two  glass  tubes, 
straight  and  parallel,  with  internal  diameters 
of  about  0.8  inch.  At  the  top  they  were 
connected  by  an  arch,  and  at  the  summit  of  the 
arch  was  a  branch  tube,  with  a  pet  cock,  used 
in  regulatmg  the  amounts  of  air  aud  water. 


At  the  bottom  they  communicated  with  the 
rubber  tubes  through  a  brass  piece,  in  which 
were  two  stopcocks,  connected  by  gearing  so 
as  to  open  and  close  together.  These  parts 
were  mounted  on  a  board  wliich  also  carried  a 
scale  of  inches  and  decimals.  A  shding  index 
was  arranged  so  that  it  could  be  set  by  the 
meniscus  of  a  water  column  and  its  position 
then  read  on  the  scale;  and  there  was  a  fLxed 
mirror  behind  the  tubes  to  aid  in  avoidmg 
error  from  parallax.  The  board  was  sup- 
ported in  an  incUned  position,  the  slope  given 
to  the  tubes  and  scale  being  that  of  2+  hori- 
zontal to  1  vertical.     This  had  the  effect  of 


Figure  So.— Longitudinal  section  of  lower  end  of  receiver  of  Pitot-Darcy 
gage  No.  3,  with  transverse  sections  at  three  points. 

making  the  movements  of  the  columns  2.69 
times  as  great  for  the  same  change  of  pressure 
as  they  would  be  if  the  tubes  were  vertical. 

In  preparmg  for  observation,  the  internal  air 
pressm-e  was  so  adjusted  that  the  colmims 
stood  near  the  middle  of  the  scale.  The 
receiver  was  then  Jield,  by  a  suitable  frame,  in 
the  selected  part  of  the  current,  and  the  stop- 
cocks were  opened.  In  the  glass  tube  con- 
nected with  the  receiver  opening  facing  up- 
stream the  column  rose;  in  the  other  tube  it 
fell.  Wlien  the  full  eflect  of  the  current  had 
been  realized,  the  stopcocks  at  the  bottom  of 
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the  comparator  were  closed,  and  the  heights 
of  the  cohinins  were  then  read. 

The  use  of  the  gage  to  measure  Telocities 
close  to  the  bed  of  debris  proved  impracticable 
because  the  presence  of  the  receiver  modified 
the  movement  of  the  water  and  thereby  modi- 
fied the  shape  of  the  bed.  (See  pp.  26, 155.) 
This  effect  could  have  been  reduced  by  using  a 
different  form  of  receiver.  Darcy  and  Bazin  ' 
bent  the  tubes  at  the  bottom  in  such  a  way 
that  one  or  both  openings  met  the  water  at 
some  distance  upstream  from  the  vertical  part 
of  the  tubes,  and  it  is  probable  that  the  adop- 
tion of  their  design  would  have  diminished  the 
difficulty,  although  it  could  not  have  removed 
it.  With  such  a  design,  however,  the  practi- 
cable forms  for  the  second  opening  relate  it  to 
the  piezometer,  and  the  advantage  of  the  down- 
stream opening  is  lost. 

That  part  of  the  design  of  the  comparator 
which  consists  in  the  inclination  of  tubes  and 
scale  is  not  to  be  recommended.  It  refines  by 
magnifying  the  reading,  but  it  introduces  pos- 
sibilities of  error  in  other  waj-s.  If  the  tubes 
are  not  straight  or  are  not  equally  inclined,  an 
error  is  occasioned  wliich  does  not  enter  if  they 
and  the  scale  are  vertical.  Evidence  of  such 
error  was  found  in  the  fact  that  the  still-water 
or  zero-velocity  readings  of  the  two  columns 
were  not  always  identical,  but  no  ready  means 
of  correction  was  discovered. 

Another  source  of  error  was  detected  in  ine- 
quahties  of  sectional  area  of  the  glass  tubes  of 
the  comparator.  To  show  the  nature  of  this 
error,  let  us  assume  that  the  pressure  of  the 
current  at  the  upstream  opening  of  the  receiver 
is  exactly  equal  to  the  negative  pressure,  or 
suction,  at  the  downstream  opening.  If  the 
glass  tubes  are  of  uniform  and  equal  bore,  one 
column  moves  upward  just  as  much  as  the  other 
moves  downward,  and  the  volume  of  air  above 
the  columns  is  unchanged.  Now,  assume  that 
the  tube  contaming  the  rising  column  has  the 
greater  diameter.  It  is  evident  that  equal 
movement  of  the  two  columns  will  displace 
more  air  in  the  one  tube  than  it  will  provide 
space  for  m  the  other,  and  the  pressure  of  the 
confined  air  will  be  thereby  increased.  The 
effect  of  the  increased  pressure  wiU  be  to  lower 

1  Bazin,  F.  A.,  Recherches  expt^rinientales  sur  I'^eoulement  (le  I'eau 
dans  les  canaux  decouverts;  Acad.  sci.  Paris  M^ni.  math,  et  phys.. 
vol.  19,  p.  49,  PI.  IV,  isro.  This  memoir  was  published  also  as  part  of 
"Recherches  hydrauliques,"  by  H.  Darcy  and  F.  A.  Bazin. 


both  columns.  There  is  also  a  secondary  effect 
of  small  amount  connected  with  the  fact  that 
the  pressure  of  the  confined  air  plus  the  head 
of  water  between  the  tops  of  the  columns  and 
the  surface  of  the  stream,  on  the  one  hand,  and 
the  atmospheric  pressure,  on  the  other,  are  in 
equihbrium,  but  into  this  we  need  not  here 
enter. 

As  a  means  for  the  cUscussion  of  these  errors 
the  tubes  weie  calibrated,  by  Prof.  J.  N.  Le 
Conte,  in  the  following  manner:  The  tubes 
being  closed  at  the  bottom,  a  weighed  quantity 
of  water  was  introduced  into  one  and  the  height 
of  its  column  was  read.  By  repeated  additions 
of  water  and  rejieated  readings  the  volumes  of 
divisions  of  each  tube  were  thus  measured,  the 
divisions  being  approximately  1.5  inches  in 
length.  In  similar  manner  the  volume  was 
measured  of  the  space  above  the  straight  tubes 
to  the  pet  cock.  The  average  sectional  area  of 
one  tube  was  found  to  be  2.5  per  cent  greater 
than  that  of  the  other.  The  sectional  area  in 
the  larger  tube  was  found  to  vary  through  a 
range  of  at  least  2.6  per  cent,  and  the  range  for 
the  smaller  tube  was  4.5  per  cent. 

A  table  of  corrections  to  readings  was 
computed  from  the  data  of  calibration,  and 
this  table  was  practically  appHed.  In  com- 
paring the  rise  of  one  column  with  the  asso- 
ciated fall  of  the  other  the  greatest  correction 
applied  amounted  to  a  Httle  less  than  1  per 
cent.  In  the  determination  of  velocity  the 
largest  correction  apphcable  for  this  reason  was 
about  0.3  per  cent.  These  corrections,  how- 
ever, pertain  only  to  the  discussions  of  the  in- 
strument in  the  following  pagct^.  In  the 
ordinary  work  of  the  gage  they  were  not  ap- 
plied, because  it  was  found  that  the  errors  of 
this  class  were  practically  eUminated  when  the 
same  methods  were  employed  in  the  prepara- 
tion and  in  the  use  of  rating  formulas.  The 
matter  is  mentioned  here  chiefly  because  errors 
from  unequal  tube  cahber,  which  may  some- 
times prove  important,  appear  not  to  have 
been  allowed  for  in  the  discussions  of  Pitot- 
Darcy  gages. 

R.\TIXG    METHODS. 

The  first  and  second  gages  were  rated  by  the 
method  of  floats;  the  third  was  twice  rated  by 
the  running-water  method  and  several  times  by 
the  still- water  method.     The  floats  used  were 
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vertical  cylinders  of  wood  so  adjusted  that  the 
submerged  depth  was  twice  the  distance  below 
the  water  surface  of  the  apertures  of  the  re- 
ceiver. Some  of  the  still-water  latings  were 
made  at  the  Geological  vSurvey's  rating  station 
at  Los  Angeles,  where  a  car  lunning  on  a  track 
at  the  side  of  a  reservoh'  drew  the  receiver 
through  the  water  of  the  reservoir.  Tlie  others 
were  made  later  in  the  long  trough  of  the  Berkeley 
laboratory,  the  car  in  this  case  running  above 
the  water.  In  the  apphcation  of  the  ininning- 
water  method  a  measured  discharge  was  passed 
through  a  rectangular  trough  and  a  survey  of 
velocities  throughout  a  cross  section  was  made 
by  means  of  the  gage.  By  using  in  tliis  survey 
the  rating  formula  obtained  by  the  stiU-water 
method,  and  then  comparing  the  mean  velocity 
thus  computed  with  that  computed  from  the 
discharge  and  sectional  area,  a  correction  is 
obtained  wliich  may  be  applied  to  the  still- 
water  rating  formula.  Only  a  single  compari- 
son of  this  sort  is  practically  available  in  con- 
nection with  our  instruments,  and  the  terms  of 
this  are: 

Ft. /sec. 

Mean  velocity  by  discharge  and  area 1.  98 

Mean  velocity  by  gage  (witli  still-water  rating). 2. 08±0. 07 

The  resulting  correction  to  the  still- water 
ratings  is  — 5  per  cent,  but  tliis  determination 
has  small  A'alue  because  of  the  large  probable 
error  of  one  of  the  compared  determinations. 

The  fact  that  the  apparent  correction  is 
small  is  in  accord  with  a  property  of  the  gage 
independently  observed.  By  reason  of  the 
sinuosity  of  flow  lines  in  a  stream,  the  direc- 
tions of  motion  are  not  parallel  to  the  axis  of  a 
straight  channel.  Therefore,  a  current  meter 
wliich  records  the  velocity'  m  the  direction  of 
flow  mstead  of  the  component  of  velocitj^  par- 
allel to  the  channel  axis  3delds  an  overestimate 
of  mean  velocity.  Some  Pitot-Darcy  gages 
have  been  found  to  overestimate  velocity  when 
placed  obUquelj'  to  the  du-ection  of  flow,  and 
for  such  the  correction  would  be  large.  It  was 
found,  however,  that  the  Berkeley  gage  when 
placed  somewhat  obUqucly  to  the  current  gave 
a  lower  rcadhig  than  when  facmg  it  squarely, 
and  through  this  property  it  tended  auto- 
maticall}'  to  correct  its  readings  for  obHquity 
of  current.  If  the  correction  were  perfect,  tlie 
still- water  ratmg  and  running- water  ratmg 
should  be  the  same. 


RATING    FORMULA. 

In  the  still- water  ratings  velocities  inde- 
pendently determined  were  compared  with 
resulting  changes  in  the  water  columns  of  the 
comparator.  Starting  from  the  same  level, 
one  column  n)se  vdth  increase  of  speed  and  the 
other  fell.  Except  for  the  influence  of  modi- 
ijing  conditions  the  changes  should  be  equal, 
the  positive  velocity  head  being  of  the  same 
amount  as  the  negative  velocity  head.  To  test 
this  j)oint  various  sets  of  observations  were 
plotted  on  section  paper,  the  readings  of  the 
rising  column  being  taken  as  abscissas  and  the 
readings  of  the  falling  column  as  ordinates.  In 
most  cases  the  plotted  points  feU  well  into  line, 
and  there  was  no  question  that  the  line  repre- 
sented by  them  -was  straight.  That  is,  the 
true  ratio  of  the  negative  pressure  at  the  down- 
stream opening  of  the  receiver  to  the  positive 
pressure  at  the  upstream  opening  was  constant, 
under  the  conditions  of  this  particular  scries  of 
trials.  The  value  of  the  ratio  was  found  to  vary 
with  conditions,  and  the  several  values  found 
are  so  near  unity  as  to  confirm  the  theoretic 
beHef  that  unitj'  is  the  normal  value. 

In  considering  the  variations  of  value  it  is 
first  to  be  noted  that  the  gage  with  wliich  the 
observations  were  made,  No.  3,  being  sym- 
metric, could  have  either  opening  turned  u])- 
stream,  and  it  was  in  fact  used  both  ways,  with 
record  of  its  position.  But  its  symmetry  was 
only  approximate  and  therefore  the  two  posi- 
tions gave  different  results.  Used  in  one  way 
it  wiU  be  called  No.  3a,  and  in  the  other  way 
No.  3b.  It  also  happened  that  between  the 
date  of  the  Los  Angeles  ratmgs  and  that  of  the 
Berkeley  ratings  the  receiver  was  accidently 
marred  at  one  of  its  openings,  and  though  its 
form  was  afterward  restored  as  nearly  as 
possible,  some  difference  remained  wliich  af- 
fected its  constants.  The  values  of  the  pressure 
ratio  are  accordingly  arranged  in  four  gi-oups 
in  Table  81.  Two  of  these  groups  also  are 
subdivided  with  reference  to  the  position  of 
the  receiver  in  relation  to  the  perimeter  of  the 
current. 

The  ratio  was  notably  larger  after  the  acci- 
dent than  before,  and  the  change  was  greater 
for  3a  than  for  3b.  The  greatest  vtdue  of  the 
ratio  was  given  b}'  trials  in  wliich  the  receiver 
ran  close  to  the  side  of  the  reservoir,  which  in 
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that  case  was  a  plank  trougli.  The  interpreta- 
tion of  these  results  will  be  considered  in 
another  connection. 

Table  81. — Ratio  of  the  suction  at  one  opening  of  the  Pitot- 
Darcy  gage  to  the  pressure  at  the  other. 


Place  of  rating. 


Los  Angeles 
Berkeley  - . . 


Deep  water 

Shallow,  mid-depth .. . 

Shallow,  near  bed 

Shallow,  near  surface. . 
Shallow,  near  side 


Ratio,  suction  to  pre-ssure. 


Gage  3a.         Gage  3b, 


1.0n5±0.005 
l.OlOi  .002 
1.016±  .003 
1.014±  .005 


Let  h  represent  the  vertical  space  through 
which  the  column  of  water  is  raised  by  pressure 
from  velocity  Fon  the  upstream  opening  of  the 
receiver,  and  h^  the  simultaneous  depression  of 
the  column  connected  with  the  downstream 
opening.  Then,  each  being  assumed  to  equal 
the  velocity  head. 


h  =  h,- 


-(IK-.) 

-(ii:) 


In  practice  the  full  velocitj^  head  is  not  realized 
in  instruments  of  the  Pitot-Darcy  typo,  and  the 

2 
coefRcient  determined  ])v  rating  is  loss  than  ~. 

-9 
It  is  a  common  experience  also  in  practical 
application  of  hydraulic  formulas  to  find  that 
qualification  is  advisable  in  other  respects.  I 
therefore  substituted  tentatively  for  (117)  the 
formula 


7,+7(,=A-T'» 


-flis) 


and  sought  empiric  values  of  u  and  1-.  The 
readings  of  the  comparator  corresponding  to  7( 
and  Til  maybe  called  11  and  //,.  The  zero  of 
the  comparator  scale  being  at  its  lower  end, 
the  difference  between  the  readings  corres- 
ponds to  the  sum  of  the  spaces  Ji  and  h^.  The 
readings  are  in  inches,  while  the  unit  used  for  ^, 
^1,  andgfis  the  foot.  Moreover,  from  thoincU- 
nation  of  the  comparator,  the  space  between 
the  two  columns,  as  read  on  the  scale,  is  2.G9 
times  the  vertical  space  Ji  +  hi.  Therefore,  the 
product  of  12  by  2.09  being  32.28, 

II -11,  =  .S2.2S  (7,  +/,,) (119) 


Substituting  in  (118),  we  have 

II -H,  =  .32.28  ity« (120) 

or,  making  7^  =  32.38  Ic, 

II-II,=  KV^ --(121) 

The  observed  rjuantities  being  II,  11^,  and  V, 
it  was  possible  to  plot  on  logarithmic  section 
paper  any  series  of  values  of  11— 11^  in  relation 
to  the  associated  values  of  V,  and  thus  compute 
grajiliically  the  corresponding  values  of  u  and 
A'.  The  values  were  computed  for  all  series  of 
observations  represented  in  Table  81,  and  they 
are  given  in  Table  82.  The  mean  of  the  seven 
values  of  u  is  2.00,  but  their  range  is  notable. 
The  deviations  from  the  normal  may  be  ascribed 
in  part  to  accidental  errors.  In  the  case  of  the 
third  value,  1.90,  and  of  the  seventh,  1.94,  the 
plotted  positions  are  so  scattered  as  to  admit 
of  considerable  latitude  in  the  drawing  of  the 
equation  lines,  but  the  control  is  much  stronger 
for  the  values  2.09  and  2.12,  and  these  could 
not  be  greatly  reduced  without  violence  to  the 
facts  of  observation.  It  seems  clear  that  the 
exponent  is  not  wholly  free  from  the  influence 
of  special  conditions. 

T.\BLE  i-l.—  Vabies  of  K ami  n  in  JI-ff,=KVu, 


Place  of  ratine. 

Conditions. 

Gage. 

K      1       M 

1 

3a 
3b 
3a 
3b 
3b 
3b 
3a 

0.70 
.62 
.72 
.52 
.70 
.46 
.66 

2.00 

Do 

do 

Shallow,  mid-depth 

1.93 
1.90 

Do 

2.09 

Do. 

Shallow,  near  bed 

Shallow,  hear  surface 

Shallow,  near  side 

1.91 

Do 

2.12 

Do 

1.94 

For  the  practical  purpose  of  rating  the  in- 
strument, however,  there  is  no  advantage  in 
departing  from  the  normal  exponent,  and  that 
was  employed  in  the  preparation  of  rating 
tables.  The  formula  used  for  inferring  veloci- 
ties from  readings  is 


Y=A^H-II, 


-(122) 


whicl 


in  wliicii 


1  1 


■ylK     V32.28fc 

The  values  of  A  graphically  computed,  are 
given  in  Table  83,  and  these  values  were  used 
in  the  computations  of  velocities. 
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I'lace  otriiliiiK. 

Conditions. 

Values  of /I. 

Efficiency  of 

gage." 

Gage  3a. 

Gage  3b. 

3a.     1     3b. 

1.22±0.02 
1.29±  .04 

1.26±0.01 
1.30±  .02 
1.24±  .01 
1.37±  .03 

0.67 
.60 

'".63 

.65 

Do                                   

1.26±  .03 

An  iiispeclion  of  the  values  of  A  with  due 
attention  to  their  probable  errors  serves  to 
show  that  theu'  differences  are  not  to  be  re- 
garded as  whoUy  accidental,  but  must  be  as- 
cribed in  part  to  the  variation  of  the  instru- 
mental constant  with  conditions.  That  the 
nature  of  the  variations  may  be  appreciated, 
the  conditions  wiU  be  more  fully  described. 
As  already  stated,  gages  Sn  and  3b  are  the  same 
symmetric  instrument,  but  with  opposite  faces 
turned  toward  the  current,  while  the  instru- 
ment was  modified  to  some  minute  extent  by 
an  injur}'  and  repair  occurring  between  the  Los 
Angeles  and  Berkeley  ratuigs.  Practically 
there  were  four  gages,  but  so  far  as  the  mech- 
anician could  make  them  the  four  gages  were 
identical  in  form.  The  reservoir  at  the  Los 
Angeles  rating  station  was  broad  and  deep. 
The  course  followed  by  the  receiver  of  the  gage 
was  several  feet  from  the  bank,  at  least  6  niches 
below  the  surface,  and  at  least  1  foot  above  the 
bottom.  The  plank  reservoir  used  in  Berkeley 
was  1.96  feet  wide,,  and  the  depth  of  water  was 
0.44  foot.  In  the  ratings  tabulated  as  at "  mid- 
depth"  the  openhig  of  the  receiver  was  central 
in  the  cross  section  of  the  water.  In  the  "  near 
bottom"  rating  the  center  of  the  openmg  (its 
diameter  being  0.01  foot)  was  0.02  foot  from 
the  bottom;  in  the  "near  surface"  rating  the 
center  was  0.03  foot  below  the  surface  of  the 
water;  and  in  the  "near  side"  rating  the  cen- 
ter was  0.25  foot  above  the  bottom  and  varied 
from  0.01  to  0.11  foot  in  its  distance  from  the 
side,  the  course  and  the  trough  side  not  being 
quite  parallel.  The  several  relations  of  the 
opening  to  the  water  section  are  shown  in  fig- 
ure 86. 

There  is  nothing  novel  in  the  variation  of  the 
instrumental  constant  with  minute  differences 
in  the  shape  of  the  receiver.  Tliis  has  been 
observed  by  all  critical  iisera  of  such  instru- 
ments, and  the  custom  is  well  estabhshed  of 


giving  a  separate  rating  to  each  receiver.  So 
far  as  I  am  aware  the  variation  of  the  constant 
with  the  relation  of  the  receiver  to  the  walls  of 
the  conduit  and  to  the  water  surface  has  not 
previously  been  recorded,  and  tliis  is  a  matter 
of  considerable  moment,  for  various  elaborate 


FiGURF,  S(l, — Cross  sei'tion  of  prism<>f  ^^'Lllt'^  in  troiijrh.  showing  positions 
given  to  gage  opening  in  various  ratings. 

discussions  of  the  distribution  of  velocities 
within  a  cross  section  have  assumed  the  con- 
stancy of  the  instrumental  constant  for  aU  posi- 
tions. As  clearly  indicated  by  the  tabulated 
results,  the  constant  A  increases  when  the  free 
surface  of  the  water  is  approached  and  dinun- 
ishes  when  a  rigid  wall  of  the  conduit  is 
approached. 

In  the  appUcation  of  these  results  (and  of 
cognate  results  with  which  it  was  thought  best 
not  to  burden  these  pages)  to  our  velocity  de- 
terminations a  graphic  table  was  constructed 
to  show  the  relation  of  the  instrumental  con- 
stant to  the  position  of  receiver  in  the  conduit; 
and  this  table  (fig.  87)  supplied  the  constant 
to  be  used  with  each  individual  observation. 
Tliis  procedure  had  an  important  influence  on 
the  interpretation  of  the  running-water  rating, 
making  the  apparent  correction  for  that  ratmg 
less  than  it  would  be  if  the  mid-depth  constant 
were  used  exclusively.  Its  influence  on  the 
vertical  velocity  curves  (figs.  74  to  82)  was  to 
give  them  less  curvature  near  the  water  surface, 
greater  curvature  in  approaching  the  channel 
bed,  and  (sometimes)  a  somewhat  lower  level  of 
maximum  velocity. 

2(7 

In  equation  (117)  ~  T'-  equals  twice  the  theo- 
retic velocity  head.  If  in  equation  (118)  the 
ex])onent  u  be  replaced  by  its  mean  value  2, 
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we  have  Ic  V-  as  an  expression  for  the  double 
head    actually   produced    by   the   gage.     The 

9 

ratio  of  ^  to  ^  measures  the  efficiency  of  the 
instrument    in    reaHzing    the    theoretic    head. 

ure  of  efficiency  is 


1 


32.28  A"  -  2g' 


32.16   1   _  0.996 
'32.28  .4=  ~   A^ 


The  values  of  the  measure  have  been  com- 
puted and  are  given  in  Table  83.  The  deep- 
water  and  mid-depth  ratings  being  assumed  to 
represent  normal  conditions,  the  mean  of  the 
corresponding  efficiencies,  namely,  0.62,  may 
stand  in  a  general  wa}^  for  the  fraction  of  the 
theoretic  head  which  is  realized  by  this  particu- 
lar type  of  the  Pitot-Darcy  gage. 

As  the  relation  between  velocity  and 
observed  head  is  that  between  agent  and  effect, 
it  is  evident  that  values  of  the  efficiency  ratio 
rather  than  those  of  the  constant  A  should  be 
compared  in  any  attempt  to  explain  the  phe- 
nomena of  variation.  Restating  from  this 
view]-)oint  the  results  of  comparative  ratings, 
we  have :  The  response  of  the  head  to  changes 
of  velocity  is  lessened  when  the  receiver  of  the 
gage  is  brought  near  the  free  water  surface  and 
is  increased  when  the  receiver  is  brought  near 


a  rigid  part  of  the  stream's  perimeter.  It  may 
be  surmised  that  the  differences  in  head  are 
connected  wath  the  facihty  with  which  the 
flow  lines  of  the  water  are  diverted  in  passing 
around  the  instrument,  regarded  as  an  obstruc- 
tion.    In  midcurront  the  diversion  is  resisted 


Water  surface 


Bottom  or  side 
Values  of  A 

Figure  S7. — Graphic  table  for  interpolatmg  values  or  A,  in  T'= 
A  'J  H^Hi,  for  observations  made  with  gage  3b  in  different  parts  of  a 
stream. 

by  the  inertia  of  surrounding  water.  Near 
the  surface  the  resistance  of  water  is  partly 
replaced  by  resistance  of  more  mobile  air. 
Near  the  conduit  the  resistance  of  water  is 
])artly  replaced  by  the  resistance  of  an  immobile 
solid. 


APPENDIX   B.— THE  DISCHAKGE-MEASURING  GATE  AND  ITS  RATING. 


THE    GATE. 

The  gate  ft)r  measurement  of  discharge  is 
mentioned  at  page  20,  and  its  general  rehxtion 
to  other  apparatus  is  sho^\•n  in  figure  2.  In  a 
section  on  the  measurement  of  discharge,  page 
22,  it  is  briefly  described,  and  the  history  of  its 
use  is  outhncd.  Figure  SS  is  designed  to  ex- 
hibit its  relations  more  fully  and  shows  the 
an-angement  of  the  general  apparatus  of  the 
laboratory  at  the  time  of  its  calibration. 


The  gate  controlled  an  opening  in  the  side  of 
a  vertical  wooden  shaft,  of  which  the  internal 
horizontal  section  measured  3  feet  by  0.5  foot. 
At  the  top  the  shaft  communicated  freelj'  with 
a  long,  narrow  tank,  to  which  water  was  con- 
tinuously delivered  by  a  pump.  The  surface 
level  of  water  in  the  tank  was  regulated  by 
means  of  an  overflow  weir  and  a  valve  above 
the  pump  and  was  observed  in  a  glass  tube  or 
gage,  AB,  in  figure  88,  outside  of  the  tank. 
Tliis  tube  was  given  a  slope  of  1  in  10,  so  that 


Overhead  tanK 


Figure  S8. — .\.rrangement  of  apparatus  connectotl  with  the  rating  o[  the  discharge-i 


the  movements  of  its  water  column  afforded  a 
magnified  indication  of  changes  in  the  water 
level  within  the  tank. 

Details  of  the  gate  are  represented  to  scale 
in  figure  89.  A  brass  plate,  PP,  attached  by 
screws  to  the  outer  face  of  the  shaft,  was 
pierced  by  an  opening  of  10. .5  by  2  inches,  the 
longer  dimension  being  horizontal.  About 
three  sides  the  edges  of  the  openmg  were 
beveled  outward,  leaving  a  4.5°  edge  at  the 
20921°— No.  SG— 14 17 


hmer  face  of  the  plate.  A  sliding  plate,  G, 
rested  against  the  inner  face  of  the  fixed  plate. 
This  was  the  gate  proper,  its  function  being  to 
close  either  the  whole  or  a  defmite  portion  of 
the  opening  and  thus  regulate  the  width  of  the 
issuing  water  jet.  It  overlapped  by  half  an 
inch  the  margins  of  the  opening,  above  and 
below,  and  was  guided  by  two  brass  pieces, 
which  appear  in  sections  &  and  c.  To  the  end 
adjacent  to  the  water  jet  was  given  a  chisel 
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edge.  The  brass  giiides  and  the  adjacent  parts 
of  the  wooden  shaft  wall  were  shaped  to  a  45° 
bevel,  which,  if  produced,  would  reach  the  edge 
of  the  opening  in  the  fixed  plate. 

Movements  of  the  shde  were  controlled  from 
the  outside.  A  brass  rod,  0,  firmly  attached 
to  it  and  rimning  parallel  to  its  axis  (fig.  89(7) , 
rested  in  a  frame  at  the  left  of  the  opening 
(fig.  89(/,  c),  where  its  motion  was  controlled  by 
rack  and  pinion,  the  rack  being  cut  on  the 
ujipcr  side  of  the  rod.  At  the  left  of  the  frame 
and  pinion  the  rod  shd  along  a  brass  scale 
graduated  to  inches  and  tenths;  and  the  gate 
was  set  for  any  desired  width  of  aperture  by 
bringing  an  engraved  index  mark  on  the  rod 
opposite  the  jn-oper  mark  on  the  scale. 


Tlio  operation  of  the  gate  was  found  to  be 
satisfactory. 

The  head  under  which  the  jet  issued,  meas- 
ured from  the  middle  of  the  opening  to  the 
water  surface  in  the  upper  tank,  was  6.0  feet, 
plus  or  minus  a  small  fraction  observed  by 
means  of  the  gage  above  mentioned. 

PLAN    OF    RATING. 

The  method  of  rating  was  volumetric  and 
empiric.  The  gate  havmg  been  set  at  a  par- 
ticular graduation,  and  the  discharge  having 
been  continued  until  the  rate  of  flow  through 
the  stilling  tank  and  experiment  trough  had 
become  stead}',  the  outflow  of  the  trough  was 
diverted  for  a  measured  time  into  a  special 
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FiGUKE  S9.— Elevation  and  sections  of  gate  for  the  measurement  of  discharge. 


reservoir  where  its  volume  was  measured.  The 
special  reservoir  is  shown  in  figure  88  as  "sump 
No.  2,"  and  the  diverting  apparatus  also  is 
indicated.  The  "diverting  trough"  was  piv- 
oted at  the  remote  end  and  could  be  turned 
cjuickly  by  hand.  In  one  position  it  received 
the  discharge  from  the  experiment  trough  and 
dehvered  it  to  sump  No.  1,  containing  the 
suppl}'  for  the  pump;  m  another  it  permitted 
the  water  to  fall  mto  sump  No.  2,  arranged  for 
measurement.  The  work  of  rating  was  jjer- 
f ormed  by  J.  A.  Burgess,  and  a  full  report  upon 
it  constituted  his  graduation  thesis  in  engi- 
neering at  the  University  of  California.  The 
details  of  apparatus  and  method  were  arranged 


by  him,  and  the  follo^\•ing  account  of  the  rating 
is  essentially  an  abridgment  of  his  report. 

CALIBRATION    OF    THE    MEASURING    RESERVOIR. 

Sump  No.  2,  constructed  of  concrete,  was 
approximately  rectangular  but  was  not  c[uite 
regular  in  form.  No  attempt  was  made  to 
base  computations  of  volume  on  its  linear 
dimensions,  but  a  scale  of  volumes  was  gradu- 
ated directly.  A  hook  gage  was  first  installed, 
the  hook  being  attached  to  a  vertical  rod,  to 
which  slow  motion  could  be  given.  An  index 
borne  by  the  rod  near  its  upper  end  followed  a 
smooth  surface  which  had  been  prepared  to 
receive    a    graduation    but    initiall}'    was    un- 
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marked.  The  index  was  so  arranged  that  by 
pressure  it  could  he  made  to  indent  the  pre- 
pared surface,  thereb}'^  producuig  a  mark  of 
graduation.  Starting  with  just  enough  water 
in  the  sump  to  permit  the  use  of  the  hook,  a 
line  of  graduation  was  marked.  Then  a  cubic 
foot  of  water  was  added,  the  hook  was  read- 
justed, and  a  second  hne  was  marked.  By 
repeating  this  proc-ess  a  scale  was  given  to  the 
gage,  the  imit  of  the  scale  being  1  cubic  foot. 
The  added  units  of  water  were  measured  in  a 
wooden  bottle  made  in  the  form  of  a  cube 
with  the  openbig  at  one  corner;  and  the  volume 
of  the  bottle  was  so  adjusted  that  it  contained 
62.3  pounds  of  water.  The  capacity  of  the 
reservoir  wa.s  about  38  cubic  feet. 

In  the  use  of  the  scale  thus  provided,  frac- 
tions of  a  cubic  foot  wej-e  read  by  means  of  a 
small  free  scale  of  equal  parts  applied  obhquely 
to  the  space  between  two  lines  of  graduation. 


THE    OBSERVATIONS. 


The  record  of  an  observation  included  (1) 
the  width  of  gate  aperture,  (2)  the  time  inter- 
val, by  stop  watch,  during  which  the  water 
was  delivered  to  sump  Xo.  2,  (3)  two  readings 
of  the  hook-gage  scale,  and  their  difference, 
givmg  the  volume  of  water  received  by  the 
sump,  and  (4)  two  gage  readings  of  water 
level  in.  the  upper  tank,  one  just  before  and  one 
just  after  the  jieriod  of  volume  measurement. 

The  quotient  of  the  volume  of  water  by  the 
time  in  seconds  gave  the  discharge  for  the 
indicated  width  of  gate  opening.  The  readings 
of  the  high-tank  water  level  gave  data  for  a 
correction  to  the  head,  resulting  in  a  small 
correction  to  the  computed  discharges. 

It  was  found  that  repeated  observations 
with  the  narrower  gate  openings  gave  results 
nearly  identical,  M'hile  the  results  for  wider 
openings  showed  more  variation.  The  obser- 
vations mth  M-ide  openmgs  were  accordingly 
multiphed  to  increase  the  precision  of  the 
averages.  The  variation  was  ascribed  to  pulsa- 
tions of  the  flowing  water  originating  in  the 
stilhng   tank.     The   general   precision   of   the 


accepted  values  of  discharge,  hsted  in  Table  2 
(p.  23),  is  mdicated  by  an  average  probable 
error  of  ±0.2  per  cent.  The  largest  computed 
probable  error  is  ±  0.4  per  cent,  being  that  of 
the  discharge  for  a  gate  opening  of  G  niches. 

The  general  formula  for  discharge  through  a 
rectangular  ori£ce  when,  as  in  the  present  case, 
the  vertical  dimensit)n  of  the  orifice  is  small  in 
relation  to  the  head,  is 

in  which  h  is  the  head,  measured  from  the 
middle  of  the  orifice,  M  the  area  of  the  orifice, 
and  c  the  constant  of  discharge.  The  observa- 
tions give  the  following  values  of  c  for  different 
settings  of  the  gate: 


Width  of  gate 
opening. 

Value  of  c. 

Inchfs. 

1 

3 

4 
5 
6 

Mean 

0.704 
.■JOS 
.667 
.677 
.677 
.684 

.686 

For  a  "standard"  orifice  2  inches  square  and 
a  head  of  6  feet  Hamilton  Smith's  tables  ^  give 
0.604  as  the  value  of  c.  The  inner  surface 
about  the  standard  orifice  is  vertical  and  plane, 
whereas  the  surfaces  about  the  orifice  of  our 
gate  were  obhcjue.  The  obHque  guiding  sur- 
faces served  to  increase  the  velocity  at  the 
orifice  and  thus  enlarge  the  constant  of  dis- 
charge. The  variation  of  the  constant  with 
width  of  openmg  is  probably  coimected  with 
the  fact  that  the  beveled  surfaces  were  not 
symmetrically  arranged  al)out  the  opening. 
On  three  sides  they  made  an  angle  of  4.5°  with 
the  vertical  plane  of  the  orifice,  but  the  edge 
of  the  shde,  constituting  the  fourth  side,  was 
beveled  at  a  smaller  angle.  The  constants  of 
the  gate  were  thus  affected  by  the  conditions 
of  its  setting  and  a  new  rating  would  be  neces- 
sary with  a  different  set-ting. 

1  Hydraulics,  p.  oS. 
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PREF'ACE. 


By  Alfred  H.  Brooks. 


This  report  represents  the  results  of  an  investigation  made  in  conformity  with  a  general 
plan  to  survey  in  detail  tlie  important  mining  districts  of  southeastern  Alaska.  This  plan 
was  begim  by  a  detailed  geologic  survey  of  the  Juneau  district,  completed  in  1903/  and 
is  being  carried  out  as  rapidly  as  the  funds  available  will  permit.  The  Copper  Mountain  and 
Kasaan  Peninsula  regions  were  surveyed  in  1907  and  1908;  the  mineralized  belt  extending  from 
Juneau  to  Berners  Bay  in  1910  and  1911.- 

ileanwliile  geologic  reconnaissance  surveys  and  preliminary  mvestigations  of  mineral 
resources  of  all  the  muiing  districts  of  southeastern  Alaska  have  been  completed  and  their 
results  pubhshed  in  several  reports.  There  still  remain  a  number  of  mining  districts  which 
should  be  surveyed  in  detail.  Such  work  is  very  expensive  because  of  the  laigh  cost  of  makmg 
the  base  maps  in  this  region  of  dense  vegetation  and  excessive  rainfall.  There  is  also  need  of 
more  comprehensive  study  of  the  stratigraphy  of  southeastern  Alaska.  The  mining  districts  which 
have  been  surveyed  are  regions  of  very  cojnplex  structure  and  of  igneous  intrusion  and  meta- 
morphism.  Therefore  these  geologic  surveys  have  been  more  useful  in  determining  the  occur- 
rence of  the  ore  deposits  than  in  elucidating  the  general  structure  and  stratigraphic  sequence 
in  the  province.  Plans  are  under  consideration  for  a  more  exhaustive  study  of  the  stratigraphy 
of  this  provmce  wlaich  it  is  hoped  can  be  put  into  execution  before  long. 

In  1909  Mr.  Wright  left  the  United  States  Geological  Survey  to  take  up  private  work  in 
SarcUnia,  a  fact  that  accounts  for  the  long  delay  in  the  completion  of  tliis  report,  wliich  has 
been  prepared  at  such  times  as  he  could  spare  from  his  professional  work.  This  delay  is 
regrettable,  but  meanwhile  the  interests  of  the  mining  industry  m  this  field  have  not  been  lost 
sight  of,  for  the  more  important  economic  conclusions  and  the  geologic  maps  were  promptly 
prepared  by  Mr.  Wright  and  published.^  In  justice  to  Mr.  Wright  it  shoidd  be  stated  that  he 
submitted  this  report  in  final  form  in  September,  1912,  but  that  a  further  delay  in  its  publica- 
tion was  caused  by  the  lack  of  funds  for  printing. 

The  descriptions  of  the  developed  ore  bodies  and  mine  workings  here  given  must  be  regarded 
in  the  main  as  representing  the  information  at  hand  up  to  the  close  of  1908.  Smce  1908 
important  discoveries  and  developments  have  been  made  on  some  of  the  properties  here 
described,  but  these  will  only  in  part  be  referred  to  in  this  report.  In  the  early  part  of  1914 
some  large  operations  on  copper  properties  were  begun  m  the  Ketchikan  district,  but  the  col- 
lapse of  the  copper  market  led  to  the  suspension  of  much  of  this  work. 

1  Spencer,  A.  C,  The  Juneau  gold  belt,  Alaska:  U.  S.  Geol.  Survey  Biill.  287,  1906. 

2  Knopf,  .\doIph,  Geology  of  the  Berners  Bay  region,  Alaska :  U.  S.  Geol.  Survey  Bull.  446,  1911;  The  Eagle  River  region,  southeastern  Alaska: 
U.  S.  Geol.  Sur\-ey  Bull.  502,  1912. 

s  Wright,  C.  W.,  Mining  in  southeastern  Alaska:  U.  S.  Geol.  Svirvey  Bull.  379,  pp.  75-82  and  Pis.  II  and  III,  1909. 
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GEOLOGY  AND  ORE  DEPOSITS  OF  COPPER  MOUNTAIN  AND  KASAAN 
PENINSULA,  ALASKA. 


By  Charles  W.  Wright. 


INTRODUCTION. 

Location  of  areas  described. — Kasaan  Peninsula  and  Copper  Mountain  are  now  (1912)  the 
two  most  important  copper-bearing  areas  in  southeastern  Alaska.  The  first  is  a  peninsula  pro- 
jecting into  Clarence  Strait  from  the  east  side  of  Prince  of  Wales  Island;  the  second  is  a  small 
area  which  encircles  the  base  of  Copper  Mountain,  on  the  west  side  of  Prince  of  Wales  Island, 
and  which  is  readily  accessible  to  ocean  traffic  by  the  upper  part  of  Hetta  Inlet.  Both  areas 
lie  within  the  Ketchikan  district  or  precinct.  The  town  of  Ketchikan,  which  is  east  of  Clar- 
ence Strait,  is  the  recording  office  of  the  district  and  an  important  commercial  center. 

Scoi^e  of  report. — It  is  proposed  to  consider  in  detail  the  geology  of  Copper  Mountain  and 
Kasaan  Peninsula.  Special  attention  will  be  paid  to  the  occurrence  of  contact  ore  deposits, 
which  are  well  exempUfied  in  this  region.  The  mining  development  will  bo  only  briefly 
described,  as  it  is  not  of  permanent  interest  and  is,  moreover,  fully  treated  in  the  Geological 
Survey's  annual  bulletins  showing  the  progress  of  investigations  of  the  mineral  resources  of 
Alaska.  The  detailed  descriptions  will  be  prefaced  by  a  general  account  of  the  geology  of  the 
Ketchikan  district,  which  is  considered  essential  to  an  understanding  of  the  details  that  follow. 

Surveys  and  explorations. — Brief  references  to  the  occurrence  of  copper  and  other  ores  in 
the  districts  here  under  consideration  appear  in  some  of  the  earlier  publications  treating  of 
southeastern  Alaska.  The  first  systematic  study  of  this  field  was  made  in  1901  by  Alfred  H. 
Brooks.  The  resulting  report '  outlined  the  general  geology  of  the  Ketchikan  district  and 
briefly  described  some  of  the  newly  discovered  copper  deposits  of  Kasaan  Peninsula  and  Copper 
Mountain.  A  more  extensive  geologic  survey  of  this  field  was  made  by  F.  E.  Wright  and  the 
writer  in  1904  and  1905,  and  a  report  -  on  this  work  described  at  some  length  the  geology  and 
mineral  resources  of  the  Ketchikan  district  and  included  brief  accounts  of  the  ore  deposits  of 
Copper  Mountain  and  Kasaan  Peninsula. 

All  the  above  work  was  done  without  base  maps,  except  the  charts  dehneating  the  shore 
fine.  In  1907  and  1908  D.  C.  Withcrspoon,  J.  W.  Bagley,  and  R.  H.  Sargent  made  a  detailed 
topographic  survey  of  the  Kasaan  Peninsula.^  Mi-.  Sargent  made  a  similar  survey  of  the  Cop- 
per Mountain  region  in  1908.*  These  surveys  were  made  on  a  scale  of  1 :  45,000,  and  the  results 
have  been  reduced  for  publication  to  a  scale  of  1:62,500.  The  contour  interval  on  the  map  of 
Kasaan  Peninsula  is  50  feet,  on  the  map  of  Copper  Mountain  100  feet.  The  details  of  relief 
and  drainage  are  shown  with  much  precision.  The  mines  and  prospects  are  indicated  by  con- 
ventional symbols,  as  are  also  the  wagon  roads  and  trails. 

Geologic  study  was  begun  in  1907  by  the  writer,  assisted  by  Sidney  Paige,  when  a  part  of 
the  Kasaan  Peninsula  was  covered.     The  mapping  of  this  area  was  completed  by  the  writer  in 

'  Brooks,  A.  H.,  Preliminary  report  on  the  Ketchikan  mining  district,  Alaska,  with  an  Introductory  sketch  of  the  geology  of  southeastern 
Alaska:  U.  S.  Geol.  Survey  Prof.  Paper  1,  1902. 

=  Wright,  F.  E.  and  C.  W.,  The  Ketchikan  and  Wrangell  mining  districts,  Alaska:  U.  S.  Geol.  Survey  Bull.  347, 1908. 
3  Topography  of  Kasaan  Penmsula,  Prince  of  Wales  Island,  Alaska:  U.  S.  Geol.  Survey  Alaska  Sheet  No.  540B,  1911. 
*  Copper  Mountain  and  vicinity.  Prince  of  Wales  Island,  Alaska;  U.  S.  Geol.  Survey  Alaska  Sheet  No.  540A,  1911. 
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1908,  as  was  also  the  geologic  work  in  the  Copper  Mountain  region.  A  total  of  six  months 
in  two  seasons  was  spent  on  the  work.  During  this  time  geologic  surveys  of  about  86  square 
miles  in  Kasaan  Peninsula  and  45  square  miles  in  the  Copper  Mountain  region  were  made. 

Although  the  preparation  of  the  final  report  on  this  work  has  been  long  delayed,  the  geo- 
logic maps  ^  and  the  results  that  bear  on  the  occurrence  of  mineral  deposits  were  pubhshed 
promptly  and  vnM  be  freely  used  in  this  report. 

Geologic  maps. — The  general  geologic  map  of  the  Ketchikan  district  (PI.  I)  accompanying 
this  report  is  only  shghtly  modified  from  one  previously  pubhshed  ^  which  was  prepared  by 
F.  E.  Wright  and  the  writer. 

On  the  detailed  geologic  maps  (PI.  V,  p.  30,  and  PI.  XV,  in  pocket)  the  boundaries  of  the 
rock  formations,  where  actually  observed  in  the  field,  are  indicated  by  sohd  lines;  where 
only  inferred,  by  broken  lines.  As  outcrops  are  exceedingly  scant  in  this  moss-covered  and 
timber-covered  area,  the  distribution  of  the  formations  as  indicated  on  the  maps  is  in  large 
measure  only  approximately  accurate.  If  a  contact  between  two  formations  is  important 
in  the  search  for  ore  bodies  its  exact  position  shoxdd  be  determined  on  the  ground  by 
stripping  before  extensive  mining  operations  are  begun. 

This  report  includes  a  nmnber  of  maps  of  mmmg  properties  and  mine  workings  which 
have  been  furnished  by  the  operators,  the  geology  having  been  added  bj'  the  writer. 
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credit  is  due  for  geologic  mapping.  To  the  mine  owners,  operators,  and  prospectors  of  the 
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KETCHIKAN   DISTRICT. 

TOPOGRAPHY. 

GENERAL    FEATURES. 

The  Ketchikan  district  includes  about  7,200  square  miles  in  the  southernmost  part  of 
southeastern  Alaska.  It  embraces  two  distinct  topographic  provinces,  the  more  rugged  being 
the  eastern  or  mainland  belt  and  the  adjacent  islands,  the  largest  of  which  is  ReviUagigedo, 
and  the  other,  which  has  less  strong  rehef,  including  Prince  of  Wales  and  some  smaller  islands. 
The  coast  line  of  the  district  is  broken  by  innmnerable  straits,  fiords,  and  minor  indentations. 
The  longest  fiord,  Portland  Canal,  which  marks  the  boundary  between  Alaska  and  British 
Colimibia,  extends  about  150  miles  inland  and  is  everywhere  bounded  by  steep  mountain  slopes. 

MAINLAND. 

The  general  topographic  aspect  of  the  eastern  or  mainland  portion  of  the  Ketchikan  district 
is  similar  to  that  of  the  other  portions  of  the  Coast  Range  province  lying  on  the  north  and  south. 
The  mountains  rise  abiniptly — at  some  places  in  sheer  cliffs — from  tidewater  to  elevations  of 
2,000  to  5,000  feet,  and  the  peaks  farther  inland  reach  altitudes  of  6,000  to  10,000  feet.  These 
moimtain  masses  are  for  the  most  part  made  up  of  immense  bathoUths  of  the  granite  of  the 

1  Wright,  C.  W.,  and  Paige,  Sidney,  Copper  deposits  on  Kasaan  Peninsula,  Prince  of  Wales  Island:  U.  S.  Geol.  Survey  Bull.  345,  pp.  98-115. 
1908;  also,  Wright,  C.  W.,  Mining  in  southeastern  Alaska:  U.  S.  Geol.  Sm-vey  Bull.  379,  pp.  67-86,  1909.  The  geologic  maps  in  this  paper  form 
PI.  II  (p.  76)  and  PI.  Ill  (p.  80). 

2  Wright,  F.  E.  and  C.  W.,  The  Ketchikan  and  Wrangell  mining  districts,  Alaska:  U.  S.  Geol.  Survey  Bull.  347,  PI.  I. 
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Coast  Range,  and  the  land  features  are  chiseled  on  a  corresponding  broad  scale.  Because  of 
the  mode  of  formation  and  physiographic  development  of  these  moimtains  there  is  in  general 
a  decided  lack  of  bedrock  control  of  the  lines  of  drainage  or  erosion.  Though  profoundly 
dissected,  the  mountains  show  a  notable  tendency  to  uniformity  in  the  elevation  of  their  crest 
lines.  The  summits  are  generally  broad  and  somewhat  flat,  and  their  backs  are  gently  arched 
so  that  if  the  5teei>-sided  vaUej's  were  filled  to  restore  theu-  original  profiles,  the  region  would 
present  an  undulating  surface  sloping  graduaU}-  westward  from  the  center  of  the  range. 

The  form  of  the  land  indicates  that  the  region  has  been  intensely  glaciated  and  but  sUghtly 
modified  by  water  erosion  since  the  glacial  epoch.  At  the  time  of  its  maximum  extent  the  ice 
sheet  covered  the  whole  area  except  some  isolated  liigh  peaks,  wliich  can  now  be  identified  by 
their  sharp,  serrated  outlines — their  lack  of  glacial  rounding.  Even  during  the  present  period 
of  glacial  drought  a  number  of  small  ice  fields  still  exist  here  in  the  Coast  Range  belt,  lying  above 
the  snow  line  and  sending  small  tongues  down  the  valleys  even  to  tidewater.  The  region  con- 
tains abundant  and  striking  features  of  glacial  sculpture,  such  as  U-shaped  valleys,  fiords,  glacial 
erratics,  circjues,  hanging  valleys,  double-cliff  slopes,  truncated  spurs,  aligmnent  of  cliff  bases, 
and  glacial  grooves  and  striae.  The  notable  absence  of  morames  m  this  area  of  extensive  glacia- 
tion  is  due  chieflj"  to  the  steepness  of  the  slopes  of  the  mountains  and  valleys.  Many  of  the 
fiords  are  floored  with  sand  and  gravel  moraines,  and  some  of  them  are  partly  choked  at  their 
entrances  by  morainic  material.  Forelands  occur  here  and  there,  but  they  are  small,  and  the 
region  includes  no  large  areas  of  level  land.  The  peninsulas  and  the  adjacent  islands  are  more 
or  less  separated  from  the  mainland  by  deep,  narrow  fiords  extending  many  miles  inland  and 
they  contain  mountains  whose  summits  range  in  height  from  2,000  to  4,000  feet  above  sea  level. 

The  mainland  belt  is  intricately  dissected  by  narrow,  steep-sided  vaUeys  headhig  in  canyons, 
many  of  which  are  fiUed  with  snow,  or  in  glacial  cirques,  a  number  of  which  contain  small  glaciers 
or  patches  of  ice.  The  initial  descent  of  these  valleys  is  steep,  the  streams  in  places  forming 
beautiful  waterfalls  of  considerable  volume.  Farther  down  the  slopes  tributary  creeks  or  rivers 
enter  these  streams  from  both  sides,  the  valleys  gradually  widen,  and  the  vaUey  floors  become 
covered  with  a  gravel  wash  consisting  largely  of  gravel,  cobbles,  and  bowlders  of  granite.  As 
the  grade  decreases  the  gravel  beds  become  deeper  and  wider,  and  the  stream  flows  around  the 
flanks  of  precipitous  mountain  spurs  and  enters  the  sea  at  the  head  of  some  tidewater  inlet.  The 
tidal  flats  at  these  points  are  usually  wide  and  are  composed  of  deep  fine  sand  and  mud,  the 
depth  to  bedrock  bemg  probably  several  hundred  feet.  They  extend  into  the  channels  for  a 
short  distance  beyond  the  low-tide  line  and  there  end  abrupth'.  Depths  of  50  to  100  fathoms 
are  common  in  these  inlets  a  short  distance  from  the  shore. 

The  seaward  extension  of  many  of  these  valleys  is  represented  by  tidewater  channels  or 
fiords.  The  largest  of  these  in  this  region  is  Portland  Canal,  which  penetrates  the  mainland  for 
some  150  mUes,  with  an  easterly  and  then  a  northerly  course.  From  its  sides  the  mountams  close 
at  hand  rise  to  elevations  of  4,000  to  6,000  feet.  Bear  and  Salmon  rivers  discharge  into  the  head 
of  this  canal. 

PRINCE    OF    WALES    ISLAND. 

There  are  no  topographic  maps  of  Prince  of  Wales  Island,  and  little  is  known  in  detail  of 
the  courses  of  its  valleys  or  of  its  mountain  ranges.  Its  eastern  shore  line  has  been  charted  by 
the  Coast  and  Geodetic  Survey,  but  the  mapping  of  the  western  coast  is  still  incomplete. 

Prince  of  Wales  Island  is  80  miles  long  and  30  mUes  Vidde,  and  is  separated  from  the  main- 
land b_v  Clarence  Strait,  a  deep  channel  5  to  10  miles  wide,  trending  about  north  and  south.  Its 
shore  line  is  indented  by  numerous  bays  and  inlets,  which  are  characteristic  of  the  entire  coast. 
Portions  of  its  west  coast  are  directly  exposed  to  the  Pacific  Ocean,  but  most  of  it  is  protected 
by  small  seaward  islands,  the  largest  of  which  is  Dall  Island.  Viewed  from  the  channels  Prince 
of  Wales  Island  presents  a  mountainous  mass  of  very  irregular  outline.  Its  relief,  however,  is 
less  rugged  than  that  of  the  mainland  or  of  some  of  the  islands  to  the  north,  such  as  Baranof 
Island.  A  low  pass  across  the  island,  4  miles  long  and  less  than  150  feet  high,  connects  the  head 
of  Cholmondeley  Sound  on  the  east  coast  with  the  head  of  Hetta  Inlet  on  the  west  coast. 
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Another  pass,  6  miles  long,  unites  the  south  arm  of  Cholmondeley  Sound  vdth  Klakas  Inlet. 
The  head  of  Twelvemile  Arm  also  is  coimected  with  Big  Harbor  on  the  west  coast  by  a  portage 
several  miles  long.  There  are  also  probably  other  low  gaps  between  the  east  and  west  coasts  of 
the  island.  Numerous  lakes  occur  on  the  island  both  in  low-lying  vallej^s  and  in  basins  lying 
at  elevations  of  1,000  to  2,000  feet.  Tlie  mountain  summits  range  in  height  from  2,000  to  over 
3,000  feet,  one  of  the  highest  being  Copper  Mountain,  3,900  feet  above  sea  level. 

In  general  both  the  course  of  the  valleys  and  the  trend  of  the  small  mountain  ranges  of  this 
island  conform  to  the  underhang  rock  structure,  which  has  largely  controlled  the  erosive  proc- 
esses. The  intrusive  masses  and  limestones  usually  persist  above  the  general  level  and  form 
the  hiUs,  ridges,  and  mountain  peaks.  Tlie  areas  of  shales,  sandstones,  and  other  less  resistant 
rocks  are  marked  by  lowlands,  deep  valleys,  and  channels. 

There  are  now  no  glaciers  on  Prince  of  Wales  Island,  but  evidence  of  former  glaciation  is 
everywhere  present.  Basins  scooped  out  by  glacial  action  and  now  filled  with  lakes  occur  at 
elevations  of  a  few  hundred  to  2,000  feet  in  the  vicinity  of  Copper  Mountain,  and  the  surround- 
ing mountains,  composed  essentially  of  granite,  are  well  rounded  and  bear  many  large  bowlders 
that  are  evidently  erratics.  In  the  Klawak  Range,  farther  north,  there  are  several  clearly 
defined  glacial  cirques  containmg  small  lakes  and  surrounded  by  more  or  less  jagged  crest  lines. 
Grooves  observed  at  a  few  places  on  rocks  exposed  along  the  tidewater  channels  may  also  be 
attributed  to  glaciation. 

The  coast  line  of  this  and  adjacent  islands  is  broken  by  bays,  coves,  and  channels.  The 
charts  of  this  area  show  nimierous  excellent  harbors  and  many  protected  channels  that  favor 
navigation.  One  of  the  striking  features  is  the  shallow^^ess  of  many  of  the  bays  and  channels 
as  compared  with  the  depths  noted  in  the  fiords  of  the  mainland  belt.  Again,  the  river  depos- 
its at  the  heads  of  bays  have  a  gradual  slope;  they  do  not  descend  abruptly  into  deep  water  a 
short  distance  from  the  shore,  as  do  the  tidal  flats  along  the  mainland.  These  facts  and  the 
topographic  observations  tend  to  show  the  greater  advance  in  topographic  development  of  the 
seaward  part  of  the  region  in  contrast  with  that  of  the  mainland. 

CLIMATE. 

The  annual  changes  in  climatic  conditions  in  southeastern  Alaska  are  not  so  varied  as  might 
be  expected  in  a  region  lying  between  55°  and  60°  north  latitude.  The  effect  of  the  warm 
waters  of  the  northern  Pacific  is  strongly  felt  and  serves  to  moderate  the  climate.  The  region 
is  characterized  by  mild  winters  and  cool  summei-s.  The  mean  annual  temperature  is  about 
45°  F.  The  mean  temperature  of  the  three  summer  months  is  about  55°  F. ;  of  the  three  winter 
months  about  35°  F.  The  precipitation  is  heavy  and  is  greatest  where  high  mountains  abut 
on  the  sea.  Nearly  all  the  precipitation  below  an  elevation  of  500  feet  is  in  the  form  of  rain. 
Rainfall  records  in  the  Ketchikan  district  are  scant,  but  indicate  a  total  precipitation  of  about 
98  inches  at  Shakan,  near  the  north  end  of  Prince  of  Wales  Island,  and  of  148  inches  at  the  town 
of  Ketchikan.  Most  of  the  rain  falls  between  the  first  of  September  and  the  last  of  January, 
though  the  amount  varies  greatly  from  year  to  year.  The  season  of  least  rainfall  is  generally 
from  April  to  July.  The  snowfall  is  heavy  in  the  mountains,  from  3  to  8  feet  in  depth,  but  near 
sea  level  not  more  than  a  few  inches  of  snow  falls  at  one  time  during  an  ordinary  winter,  and  this 
soon  disappears. 

The  prevailing  winds  come  from  the  southwest  and  bear  moisture  from  the  sea,  which 
condenses  in  the  form  of  fog  and  rain  about  the  mountain  range.  The  abundant  precipitation 
is  trying  to  those  who  are  accustomed  to  a  more  arid  climate,  but  this  rainfall,  though  a  draw- 
back to  the  prospector,  does  not  interfere  with  mining  development.  It  is  an  advantage,  for 
it  furnishes  water  power  which  can  be  utihzed  in  mining  operations.^  Except  at  high  altitudes 
snow  does  not  interfere  materially  with  transportation  or  mining. 

'  Hoyt,  J.  C,  A  water-power  reconnaissance  in  southeastern  Alaska:  U.  S.  Geol.  Survey  Bull.  442,  pp.  147-157,  1910. 
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VEGETATION. 

The  growth  of  timber  and  vegetation  along  the  coast  of  southeastern  Alaska  is  almost 
as  dense  as  that  of  a  tropical  region.  Its  luxuriance  is  caused  by  the  moist  and  temperate 
climate  and  the  long  summer  days  of  this  latitude.  At  elevations  below  1,500  feet  bushes, 
ferns,  and  tall  gi-asses  grow  profusely,  especially  in  the  valleys  and  gulches.  In  places  these 
form  a  dense  and  almost  impassable  undergrowth  and  are  a  great  hindrance  to  the  prospector. 
The  timber  is  almost  entirely  of  coniferous  species,  principally  western  hemlock  and  spruce, 
and  is  in  general  of  an  inferior  grade,  suitable  only  for  rough  work.  The  timber  hne  ranges  in 
elevation  from  1 ,500  to  2,500  feet,  but  most  of  the  large  trees  grow  at  low  altitudes.  The  stands 
of  commercial  timber  vary  greatly,  ranging  from  30,000  to  80,000  feet  (board  measure)  per  acre. 
The  average  run  of  saw  timber  in  southeastern  Alaska,  however,  because  of  the  scant  growth 
in  the  swamps  and  on  the  higher  slopes,  is  not  more  than  5,000  to  10,000  feet  per  acre. 

The  hemlock  is  used  for  piHng,  but  most  of  the  lumber  cut  in  the  local  sa^v^nills  is  spruce. 
The  cedar  is  not  sufficiently  abundant  to  have  much  value.  The  entire  Ketchikan  district  hes 
in  the  Tongass  National  Forest. 

There  are  some  good  agricultural  lands  in  the  flats,  but  they  are  of  small  extent.     Some  of 

them  have  been  successfully  utiUzed  for  gardening,  for  which  use  the  climate  and  soil  are 

favorable. 

COMMEBCIAL  CONDITIONS. 

Ketchikan,  the  prosperous  commercial  center  of  the  district,  is  on  the  west  side  of  Revilla- 
gigedo  Island,  which  hes  close  to  the  mainland  about  15  miles  east  of  Prince  of  Wales  Island. 
It  has  a  population  of  about  1,500  and  is  provided  with  all  necessary  municipal  improvements. 
It  is  an  important  fishing  center  and  has  ample  wharves,  good  hotels,  banks,  and  stores.  It 
is  connected  by  cable  with  Seattle  and  with  Alaska  ports.  Supplies  can  be  purchased  at  little 
advance  over  Seattle  prices.  Coal  is  brought  from  Vancouver  Island  and  retails  at  about  $8 
a  ton  (1908). 

Communication  is  maintained  between  the  mining  camps  and  Ketchikan  by  steamships 
and  launches.  Ketchikan  is  52  hours  from  Seattle  by  steamships  foUowang  the  inside  passage, 
three  to  five  entering  the  port  every  week  from  the  States.  Direct  weekly  steamship  connection 
is  also  maintained  with  Vancouver,  British  Columbia.  Prince  Rupert,  the  western  terminal 
of  the  Grand  Trunk  Pacific  Railway,  to  be  completed  in  1915,  is  only  5  hours  by  steamer  from 
Ketchikan. 

The  timber  supply  of  the  region  is  adequate  for  aU  mining  purposes.  The  local  sawmills 
furnish  rough  lumber,  and  good  timber  for  piling  is  abundant.  There  are  also  some  good  water 
powei-s  in  the  district,  though  they  are  but  little  developed.  The  irregular  coast  line  affords 
many  good  harbors,  which  are  free  of  ice  throughout  the  year.  As  a  general  rule  the  country 
is  one  of  strong  rehef,  which  is  favorable  to  mining  developments  through  adit  tunnels  and 
without  hoisting. 

The  conditions  in  general  in  the  district  are  exceptionally  favorable  to  mining  operations 
and,  except  for  the  irregularity  of  some  of  the  ore  bodies,  are  almost  ideal  for  reducing  operat- 
ing costs  to  a  minimum. 

PRODUCTION  OF  COPPER. 

The  occurrence  of  copper  deposits  on  Kasaan  Peninsula  was  known  even  during  the 
Russian  occupation,  but  small  Iieed  has  been  paid  to  them  except  in  very  recent  years.  Aa 
attempt  was  made  to  estabhsh  a  copper-mining  industry  near  the  present  site  of  Kasaan  in 
1879-80,  but  it  was  abandoned  after  a  few  tons  of  ore  had  been  mmed  and  sliipped.  The 
copper  now  produced  in  the  Ketclukan  district  is  derived  almost  entirely  from  mines  on 
Kasaan  Peninsula  and  about  Copper  Mountain.  The  growth  of  the  copper-mining  industry 
in  this  field  is  shown  in  the  following  table : 
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Ore  production  from  copper  mines  in  the  Ketchikan  district,  1905-1911. 


Ore 
mined. 

Copper. 

Gold. 

Silver. 

Average 

value  of  ore 

per  ton. 

Amount. 

Value. 

Amount. 

Value. 

Amoimt. 

Value. 

Tons. 
30,400 
85,139 
79,982 
43,215 
28,491 
27,425 
13,753 
13,494 
7,276 

Pounds. 
1,901,392 
4,350,571 
4,758,814 
3,260,399 
2,705,988 
2,254,487 

977,468 
1,234,888 

599,903 

$295,616 
838,660 
961,761 
430,372 
351,  778 
286,320 
120,719 
203,  756 
92,985 

Ourices. 
1,178 
3,031 
3,384 
2,213 
1,946 
1,503 

613 
1,080 

484 

$34,370 
62,851 
69,960 
46, 310 
40,228 
31,081 
12,678 
22,335 
10,000 

Ounces. 
13,000 
27, 152 
44,196 
24,648 
16,679 
14,598 

6,573 
10,035 

4,447 

$7,867 
18, 102 
29,143 
13,063 
8,641 
7,884 
3,484 
6,171 
2,686 

SIO.  79 

10.81 

13.14 

11.10 

14.06 

11.86 

9.95 

17.21 

14.52 

329,175 

22,043,900 

3,571,967 

15,432 

329,813 

161,328 

97,041 

12.15 

The  copper  productioix  of  the  district  previous  to  1905  is  estimated  at  1,600,000  pounds. 
At  12  cents  a  pound,  the  average  price  of  copper  for  the  period  in  wliich  it  was  miaed,  the 
vahie  of  this  output  is  $192,000.  These  amounts,  added  to  those  for  1905  to  1913,  give  a 
total  copper  production  of  23,643,900  pounds  and  a  total  value  of  $3,763,967. 

Practically  the  first  large  sliipmonts  of  ore  were  made  in  the  spring  of  1905.  The  rise  in 
the  price  of  copper  from  an  average  of  $0,156  a  pound  in  1905  to  an  average  of  $0.20  a  pound 
in  1907  permitted  the  profitable  extraction  of  copper  ores  of  low  grade  averaging  59  pounds 
per  ton,  and  with  the  improvements  in  methods  of  transportation  and  mining  the  production 
was  much  increased.  In  1908  the  average  price  of  copper  dropped  to  $0,132,  and  this  led  to 
the  closing  down  of  some  of  the  principal  producing  mines.  Of  ten  producing  mines  in  1907 
only  five  were  operated  in  1908  and  only  three  or  four  during  tlie  following  years.  From  these 
the  average  copper  content  per  ton  of  the  ore  shipped  was  about  90  pounds.  In  1911  only  three 
mines  wore  producing,  and  the  ore  shipped  yielded  on  an  average  70  pounds  of  copper  per  ton. 


GENERAL    FEATURES. 

The  geology  of  the  Ketchikan  district  is  but  imperfectly  known,  for,  except  in  the  two  areas 
to  be  described  in  detail  below,  observations  have  been  confined  almost  entirely  to  the  shore  hnes, 
and  this  limitation,  together  with  the  gaps  in  the  information  regarding  continuity  of  forma- 
tions and  stratigraphic  relations  caused  by  the  many  broad  waterways,  has  prevented  the 
exact  determination  of  either  stratigraphic  sequence  or  structure.  Hence  the  sedimentary 
rocks  of  the  region,  wliich  range  in  age  from  Silurian  to  Jurassic  or  Cretaceous,  will  be  described 
in  only  a  general  way,  but  as  the  knowledge  of  the  igneous  rocks  is  more  exact  and  comprehen- 
sive, these  will  be  described  in  greater  detail. 

The  geologic  map  (PI.  I)  shows  that  the  intrusives  of  the  Coast  Range  occupy  a  larger 
area  than  any  other  of  the  rock  units  that  have  been  discriminated.  The  main  bathoMths  of 
these  intrusives  occupy  the  eastern  part  of  the  district  and  form  a  convenient  starting  point 
for  a  geologic  description,  though  they  by  no  means  represent  the  oldest  rocks  of  the  district. 
Adjacent  to  these  intrusives  on  the  west  and  in  part  included  withhi  their  area  lies  a  series  of 
crystalhne  scMsts  wliich,  though  in  places  showing  igneous  phases,  are  for  the  most  part  sedi- 
mentary. The  seaward  and  western  boundaries  of  these  scliists  are  marked  by  a  belt  of  argil- 
Utes — either  slates  or  phyUites — in  part  interbedded,  in  part  succeeded  by  ancient  lavas  and 
tufts  that  are  here  grouped  together  as  greenstones.  Some  semicrystaUine  limestone  bands 
occm'  in  this  slate  and  greenstone  series,  and  as  Carboniferous  fossils  have  been  found  in\hese 
hmestones  the  entire  sequence  has  heretofore  been  referred  to  the  Carboniferous  period.  This 
determination  of  the  age  of  the  series  accords  vfith  Spencer's  ^  provisional  determination  of  the 
age  of  similar  rocks  that  apparently  represent  a  northern  extension  of  the  same  belt.     Knopf's ' 

'  Spencer,  A.  C,  The  Jimeau  gold  belt,  Alaska:  U.  S.  Geol.  Survey  Bull.  287,  p.  17, 1906. 

2  Knopf,  Adolph,  The  Eagle  Elver  region,  southeastern  Alaska:  U.  S.  Geol.  Survey  Bull.  502,  pp.  17-18,  1912. 
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recent  studies  north  of  Juneau  have  showoi,  however,  that  these  rocks  are  in  part,  at  least,  of 
Jurassic  or  Lower  Cretaceous  age.  This  series  of  slates,  phylHtes,  scliists,  and  greenstones 
may  therefore  be  Mesozoic,  though  it  may  include  some  infolded  Carboniferous  Hmestones. 
On  the  map  the  sedimentary  rocks  adjacent  to  the  Coast  Range  are  not  differentiated  from  the 
sedimentary  rocks  that  he  farther  west,  most  of  which  are  older  than  those  near  the  Coast 
Range. 

But  few  correlations  have  been  made  between  the  rocks  of  Prince  of  Wales  and  adjacent 
islands  and  those  of  the  mainland  belt  described  above.  Igneous  rocks  like  those  foimd  in  the 
Coast  Range  occur  as  mtrusives  in  this  western  province.  Some  of  the  sedimentary  rocks  here 
are  also  hthologically  the  same  as  some  .of  those  found  farther  east,  and  the  likeness  suggests 
certain  correlations  wliich  can  not  yet  be  definitely  estabhshed.  The  sedimentary  rocks  of  Prince 
of  Wales  Island  include  slates,  quartzites,  arkoses,  and  conglomerates,  and  locally  a  large 
amount  of  hmestone.  The  fossils  found  in  these  rocks  indicate  the  presence  of  strata  ranging 
in  age  from  Silurian  to  Carboniferous.  The  rocks  of  the  island  include  also  a  series  of  volcanic 
deposits  and  another  of  graywackes  and  conglomerates,  which  on  stratigraphic  grounds  have 
been  assigned  to  the  Mesozoic.  The  Paleozoic  formations  have  not  been  differentiated  on  the 
geologic  map  (PI.  I),  which  therefore  indicates  a  sameness  in  the  geology  of  Prince  of  Wales 
Island  that  is  by  no  means  in  accord  with,  the  facts.  The  continuity  along  strike  lines  that  is 
characteristic  of  the  mainland  does  not  prevail  on  Prince  of  Wales  Island,  where  the  rocks  show 
close  folding,  which,  with  the  presence  of  many  large  stocks  of  igneous  rocks,  has  given  great 
variety  to  the  geology.  The  Tertiary  period  is  represented  in  the  district  by  one  small  area  of 
conglomerate,  sandstone,  atid  shale;  the  Quaternary  by  many  ^ndely  distributed  basaltic  lava 
flows,  though  none  of  any  great  areal  extent. 

Of  the  igneous  rocks  the  intrusives  of  the  Coast  Range,  made  up  of  granite,  diorite, 
granocUorite,  and  peridotite,  are  most  abundant  and  most  widely  distributed.  These  are 
beheved  to  be  of  Mesozoic  age.  Dikes  of  diabase,  porphyrite,  and  felsite  are  widely  distributed 
and  are  probably  later  intrusives. 

SEDIMENTARY    ROCKS. 
PALEOZOIC  STRATA. 

Little  or  nothing  is  known  of  the  oldest  rock  formations  in  the  district,  but  it  is  doubtful 
whether  they  include  pre-Paleozoic  strata.  The  crystalline  schists  and  gneissoid  rocks,  which 
form  a  wide  band  adjacent  to  the  Coast  Range  and  resemble  the  ancient  metamorpliic  elastics 
of  other  regions,  are  mostly  of  late  Paleozoic  and  early  Mesozoic  age,  and  their  present  crystal- 
Une  condition  is  attributed  to  metamorphism  caused  in  part  by  the  intrusives  of  the  Coast  Range. 

The  sedimentary  record  begins  with  the  Silurian,  which  is  represented  by  fossLUferous 
hmestones.  These  limestones  include  thick  strata  of  banded  gra>"^vacke,  and  the  hmestone  and 
gi-aj-wacke  together  form  a  belt  that  is  exposed  at  points  on  the  west  coast  of  Prmce  of  Wales 
Island  and  on  Kasaan  Peninsula.  The  banded  graywackes  are  nearly  everywhere  extremely 
fine-grained  or  aphanitic,  indurated,  clastic  rocks,  gray  to  green  in  color,  very  brittle,  with  little 
or  no  cleavage.  Tliey  include  both  sedimentary  strata  and  indurated  beds  of  tuff  with  mixed 
sedimentary  material.  Weathering  usually  produces  a  brown  surface  by  the  oxidation  of  pjTite 
and  other  ferruginous  particles.  The  total  thickness  of  the  beds  can  not  be  estimated  because 
of  complicated  folding,  though  it  must  amount  to  manj'  thousand  feet. 

At  tlie  base  of  the  Devonian  lie  thick  beds  of  conglomerate  contammg  pebbles  and  cobbles 
derived  from  the  older  Silurian  beds,  and  indicating  that  an  unconformity  occurs  between  the 
Silurian  and  Devonian  strata,  though  the  rocks  of  these  two  periods  were  not  observed  in 
contact. 

At  many  places  along  the  northwest  shore  of  Prince  of  Wales  Island  and  on  the  smaller 
islands  adj  acent  to  Davidson  Inlet  a  tliick  series  of  limestones  overhes  these  beds  of  conglomerate, 
and  together  the  two  series  represent  the  lowest  horizon  of  the  Devonian  system.     The  con- 
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glomerates  consist  essentially  of  cubbies  of  banded  quartzite  and  some  fragments  of  limestone 
and  schist.  Toward  the  hmestone  beds  they  grade  into  sandstone  and  slaty  limestone.  They 
are  conformably  overlain  by  the  limestones.  Narrow  beds  of  the  sandstone  are  also  inter- 
stratified  with  the  beds  of  limestone.  The  limestones  are  semicrystalhne  and  gray  to  blue  in 
color,  and  not  many  of  the  fossils  in  them  are  identifiable.  At  several  points,  however,  imper- 
fect fossils,  which  have  been  referred  to  the  Devonian,  were  gathered,  the  largest  collection 
having  been  obtained  on  the  east  shore  of  Haceta  Island,  from  beds  directly  overlying  the 
conglomerates. 

The  total  thickness  of  the  conglomerate  beds  is  estimated  at  1,200  feet  and  that  of  the 
overlying  limestone  beds  at  1,800  feet.  At  this  locaUty  the  strata  are  broadly  folded  and  the 
rocks  are  considerably  metamorphosed. 

A  somewhat  higher  horizon  of  the  Devonian  is  represented  by  the  hmestone  beds  on  Long 
Island,  ia  Kasaan  Bay,  on  the  east  side  of  Prince  of  Wales  Island.  At  this  locahty  both  Lower 
and  Middle  Devonian  faxmas  have  been  recognized,  though  the  limestone  strata  containing 
them  are  apparently  conformable. 

The  stratigraphic  relations  of  the  Mmestones  of  Long  Island  to  the  beds  on  the  adjacent 
shore  of  Kasaan  Bay  can  not  be  definitely  determined  because  of  their  topographic  isolation. 

The  ^Eddle  Devonian  horizon  occurs  again  about  20  miles  south  of  Long  Island,  at  the  head 
of  Clover  Bay,  where  there  is  a  small  area  of  schistose  argiUites  and  black  hmestone  almost 
completely  siuToujided  by  an  intrusive  mass  of  diorite.  These  beds  are  highly  tilted  and  have 
a  general  easterly  strike. 

At  Vallenar  Bay,  on  the  north  end  of  Gravina  Island,  beds  of  shaly  limestone,  argillaceous 
schist,  and  schistose  conglomerate  containing  a  Middle  Devonian  faima  occupy  the  crest  of  an 
anticline.  These  beds  underhe  the  slates  and  greenstones  which  border  the  east  and  west 
shores  of  the  island.  The  Devonian  beds  at  this  locality  and  those  on  Long  Island  were  included 
under  the  name  Vallenar  series  by  Brooks  m  his  report  on  the  Ketchikan  district.' 

Limestone  beds  containing  an  Upper  Devonian  fauna  and  overlying  with  apparent  con- 
formity banded  argillaceous  beds,  similar  to  those  of  Middle  Devonian  age  exposed  at  Clover  Bay, 
occur  on  San  Juan  Bautista  Island  and  in  Klawak  Inlet,  on  the  west  coast  of  Pruice  of  Wales 
Island. 

The  distinctions  between  the  three  divisions  of  the  Devonian — the  Upper,  Middle,  and 
Lower — ^in  most  places  are  not  clearly  defined  paleontologically,  and  at  no  locahty  was  a 
complete  section  of  these  horizons  obtained. 

The  stratigraphic  relations  between  the  early  Carboniferous  and  the  late  Devonian  forma- 
tions are  not  defiaitely  known,  and  in  no  place  were  the  formations  obsei"ved  together.  The 
early  Carboniferous  is  represented  by  fossil-bearing  hmestones  on  an  islet  at  the  entrance  to 
Soda  Springs  Bay,  on  the  west  coast  of  Prince  of  Wales  Island.  The  limestone  beds  strike 
north  and  are  steeply  tilted  toward  the  east.  They  overhe  with  apparent  unconformity 
conglomerates  and  sandstones  that  resemble  those  of  early  Devonian  age.  On  Prince  of  Wales 
Island  opposite  this  islet  there  are  slates  and  chlorite  schists  which  resemble  those  probably 
belonguig  to  the  slate  and  gi-eenstone  series  of  Copper  Mountain. 

Fossils  were  found  in  beds  of  calcareous  shale  that  outcrop  on  the  south  end  of  Gravina 
Island,  3  miles  north  of  DaU  Head.  These  fossils  were  fragmentary  and  could  not  be  defkutely 
determined,  but  ai-e  provisionally  referred  to  the  early  Carboniferous.  Tliey  may,  however, 
represent  a  Ti-iassic  horizon. 

Few  data  exist  concerning  the  interval  between  the  early  and  late  Carboniferous  faunas, 
as  the  rocks  containuig  the  two  faunas  are  nowhere  present  at  the  same  locality  anti  no  fauna 
representing  the  intervening  epoch  has  been  found.  The  upper  Carboniferous,  which  prob- 
ably includes  the  most  extensively  developed  formations,  is  represented  by  fossiliferous  lime- 
stone beds  at  George  Inlet,  withm  the  mamland  belt,  and  at  several  points  on  the  islands.  In 
the  mainland  belt  the  limestones  are  included  in  a  succession  of  argillites  and  crystalline  schists, 
which  are  closely  folded  and  highly  metamorphosed  and  form  a  band  about  10  miles  wide 

'  Brooks,  A.  H.,  Prelimmary  report  on  the  Ketchikan  mining  district,  Alaskar  U.  S.  Geol.  Survey  Prof.  Paper  1,  pp.  42-43,  1902. 
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adjacent  to  the  intrusives  of  the  Coast  Eange.  These  metamorphic  strata,  called  by  Brooks  ' 
the  Ketchikan  series  in  this  province,  probably  include  several  formations,  which,  however, 
have  not  been  defined  because  of  the  complexity  of  their  structure  and  the  extent  of  their 
metamorphism.  They  probably  include  formations  as  old  as  the  Carboniferous  and  as  young 
as  the  Jurassic  (see  p.  16),  but  the  subdivisions  have  not  yet  been  differentiated.  Similar  rocks 
are  widely  distributed,  not  only  on  the  mainland  and  adjacent  islands  but  on  the  west  coast  of 
Prmce  of  Wales  Island. 

The  most  recent  of  these  metamorphic  rocks  are  the  greenstone  lava  and  tuff  beds  inter- 
stratified  with  beds  of  black  slate.  The  structural  relations  of  these  beds  to  the  older  and 
younger  rocks  indicate  that  they  are  upper  Carboniferous  or  Mesozoic,  as  they  overlie  the  lime- 
stones (Carboniferous)  and  schists  with  apparent  conformity.  Similar  rocks  in  the  Juneau 
district  were  described  by  Spencer  -  as  the  "slate-greenstone  band."  Knopfs  recent  work  has 
shown  that  these  sediments  in  the  Jmieau  district  are  probably  of  Jurassic  age  and  has  corre- 
lated them  with  the  Berners  formation,  made  up  of  slates,  grajrwacke,  and  some  greenstones.^ 

The  greenstone  and  slate  series  of  the  Ketchikan  district  trend  in  many  places  parallel  to 
the  older  limestones  and  schists,  although  they  exhibit  many  local  variations  in  strike  and  dip. 
Their  total  tliickness  is  estimated  to  be  over  4,000  feet.  They  occur  principally  along  the  outer 
border  of  the  mainland  belt  in  Tongass  Narrows  and  on  Cleveland  Peninsula,  but  they  also 
form  a  smaller  belt  along  the  west  coast  of  Prince  of  Wales  Island. 

As  a  whole,  the  greenstone  members  of  this  slate  and  greenstone  series  predominate  over 
the  slate  or  the  sedimentary  beds,  but  the  relative  proportion  varies  from  place  to  place,  pre- 
sumably because  of  mequality  in  the  distribution  of  the  lava  flows  and  tuffs.  The  igneous 
and  sedimentary  material  in  these  beds  is  intimately  associated  in  varying  amounts  and  grades 
from  altered  andesitic  lavas  and  tuffs  to  purely  setlimentary  beds. 

MESOZOIC  STRATA. 

The  formations  in  the  Ketchikan  district  that  have  been  referred  to  the  Mesozoic  era  con- 
tain no  fossils,  and  the  determination  of  their  age  is  therefore  based  entirely  on  their  structui-al 
and  petrographic  features.  The  possible  Mesozoic  age  of  the  slate  and  greenstone  series  has 
just  been  indicated. 

So  far  as  known,  the  intrusives  of  the  Coast  Range,  which  occupy  about  half  the  land  area 
of  southeastern  Alaska,  invaded  the  bedded  formations  early  in  the  Mesozoic  era.  These  intru- 
sivas  are  discussed  under  the  heading  "Igneous  rocks"  (p.  20). 

At  the  south  end  of  Prince  of  Wales  Island  there  is  a  series  of  andesitic  flows,  conglom- 
erates, and  tuffs,  which  grade  into  a  series  of  graywackes  or  indurated  sandstones,  including 
some  beds  of  slate.  These  rocks  have  been  considered  Mesozoic  because  of  their  structural  and 
petrographic  relations  to  the  older  rocks.  In  this  series  basaltic  and  andesitic  flows  are  inter- 
calated with  tuffaceous  beds,  and  both  flows  and  tufl's  alternate  with  the  sedimentary  slates, 
graywackes,  and  conglomerates.  The  rocks  of  the  series  are  readily  distinguished  from  the 
greenstones  by  the  wide  difference  in  the  composition  and  texture  of  the  interstratified  beds  and 
by  their  predominant  reddish  color.  A  fine,  compact  green  tuff  is  usually  overlain  by  an  ande- 
sitic lava  containing  numerous  large  plagioclase  phenocrysts,  which  is  in  turn  overlain  by  a 
basaltic  lava  or  a  red  lava  conglomerate.  The  greenstone  beds,  on  the  other  hand,  vary  little 
in  composition  and,  where  massive,  augite  crystals  form  the  phenocrysts. 

On  the  south  end  of  Prince  of  Wales  Island  the  andesitic  flows  and  conglomerates  overlie 
at  several  points  the  eroded  surfaces  of  granitic  intrusive  masses,  and  numerous  dikes  of  the 
andesite  intrude  these  older  granites.  Pebbles  and  fragmentary  masses  of  the  granite  were 
observed  in  the  tuffaceous  conglomerates,  showing  clearly  that  the  andesites  are  younger  than 
these  masses  of  granite  rock.  The  granites  at  this  pomt  were  more  altered  and  contamed  more 
shearing  planes  than  are  generally  found  in  the  intrusives  of  the  Coast  Range,  and  they  may 

'  Brooks,  A.  H.,  op.  cit.,  pp.  44—15. 
!  Spencer,  A.  C,  op.  cit.,  pp.  16-17. 
'  Knopf,  Adolph,  The  Eagle  River  region,  southeastern  .Alaska:  U.  S.  Geol.  Survey  BuU.  502,  pp.  13-14,  1912. 
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represent  a  batholith  intruded  before  or  during  the  earliest  stages  of  the  granitic  invasion  of 
that  range.  The  graywackes  overlying  the  andesites  are  compact  and  indurated  but  show 
no  schistosity.  Pebbles  of  granodiorite,  quartz,  andesite,  and  graywacke  are  plentiful  in 
the  conglomerates.  These  beds  as  a  whole,  though  tilted  at  steep  angles  and  folded,  have 
not  suffered  the  intricate  folding  and  metamorphism  seen  in  the  older  rock  beds,  including 
those  of  the  Sitka  district.  No  fossils  were  found  in  these  beds,  but  the  facts  above  stated 
indicate  that  they  occupy  a  position  in  the  stratigraphic  column  between  the  Triassic  and  the 
Upper  Cretaceous.  It  is  possible  that  their  horizon  may  be  the  same  as  that  of  the  slate  and 
greenstone  found  adjacent  to  the  Coast  Range  batholith.     (See  p.  16.) 

TERTIARY  STRATA. 

Tertiary  beds  are  widely  distributed  along  the  Pacific  seaboard  of  Alaska,  though  their 
total  areal  extent  is  comparatively  small.  In  the  Ketchikan  district  they  are  found  only  on 
Prince  of  Wales  Island,  where  they  occupy  a  small  basin  at  Coal  Bay,  a  southern  arm  of  Kasaan 
Bay. 

The  Tertiary  rocks  comprise  conglomerates,  sandstones,  and  impure  lignitic  coal  seams. 
They  are  soft,  friable,  and  unmetamorphosed.  There  are  very  few  exposures  of  these  rocks, 
but  judging  from  the  better-developed  Tertiary  beds  to  the  north  they  are  probably  but  little 
disturbed. 

RECENT  DEPOSITS. 

The  few  Recent  deposits  in  the  districts  under  discussion. consist  of  stream  gravels  cover- 
ing narrow  valley  bottoms  and  somewhat  more  extensive  deposits  at  mouths  of  deltas.  Some 
stream  terraces  noted  on  Kasaan  Peninsula  are  probably  imderlain  by  gravels.  Most  of  the 
beaches  are  rocky,  consisting  generally  of  almost  shear  chffs,  but  locally  some  small  sand  and 
gravel  beaches  have  been  developed.  In  places  in  tidal  flats  there  are  also  some  more  exten- 
sive deposits  of  fine  alluvium.  Glacial  deposits  of  various  types  also  occur  in  the  Ketchikan 
district.     None  of  these  Recent  deposits  is  indicated  on  the  accompanying  geologic  maps. 

IGNEOUS    ROCKS. 
CLASSES  DISCRIMINATED. 

The  igneous  rocks  include  (1)  the  intrusive  masses,  such  as  the  dioritic  and  granitic  batho- 
liths,  gabbros,  and  peridotites  which  invade  the  sedimentary  rock  beds;  and  (2)  the  extrusives, 
or  those  which  represent  surface  lava  flows,  such  as  the  greenstones,  andesites,  and  basalts. 
The  most  abundant  and  important  of  the  igneous  rocks  are  the  granitic  intrusives  of  the  Coast 
Range,  which  occupy  about  one-half  of  the  aggregate  land  area  of  the  district. 

INTRTTSIVES  OF  THE  COAST  RANGE. 

GENERAL    FEATURES. 

The  Coast  Range  massif  as  it  has  been  defined  by  Dawson  is  not  of  the  same  composition 
throughout,  but  is  composed  of  different  kinds  of  igneous  rocks,  ranging  from  granite  to  diorite. 
The  most  noteworthy  feature  of  the  entire  Coast  Range  mass  of  intrusives  is  their  general 
uniformity  in  texture  and  then-  continuity.  The  variations  across  the  range  are  apparently 
not  so  gradual  as  those  along  its  trend.  The  Coast  Range  massif  consists  of  many  separate 
interlocking  bathohths,  or  batholiths  within  bathohths,  intruded  at  successive  epochs  but 
during  the  same  general  period  of  irruption. 

The  petrogi-aphic  field  term  "granite,"  which  has  been  generally  used  to  designate  these 
intrusives,  applies  to  only  a  small  part  of  the  rocks,  the  prevalent  type  being  a  cjuartz  horn- 
blende diorite,  though  gradations  to  granodiorite,  diorite,  and  gabbro,  with  hornblende  and 
biotite  as  colored  constituents  and  titanite  as  a  frequent  visible  accessory,  are  common.  As  a 
general  rule  hornblende  appears  to  be  more  abundant  near  the  coast,  while  biotite  predominates 
near  the  inland  border  of  the  Coast  Range  bathohths. 
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Although  the  composition  of  the  batholiths  varies  considerably  from  point  to  point,  it  is 
desirable  to  ascertain  the  approximate  average  composition  of  the  entire  mass.  To  this  end 
seven  typical  specimens  were  selected  from  different  parts  of  the  range.  These  specimens 
were  chosen  with  special  regard  to  their  abundance  and  general  distribution  throughout  the 
area,  abnormal  and  rare  types  being  disregarded  altogether.  Each  of  these  specimens  was 
studied  in  detail  under  the  microscope,  and  a  careful  estimate  of  the  relative  quantity  of  each 
mineral  in  the  rock  was  made  from  the  thin  sections  by  the  Kosiwal  method.  Although  the 
values  thus  obtained  are  only  approximate,  they  represent  roughly  the  general  mineral  content 
of  the  bathoHths. 

The  following  average  mineral  composition  was  thus  obtained: 

Average  mineral  composition  of  the  intriisives  of  the  Coast  Range. 

Quartz 19.4 

Orthoclase 6.6 

Andesine  (AbjjAn^) 47.  4 

Hornblende 7-6 

Biotite 11.6 

Apatite 6 

Magnetite 9 

Pyrite 1 

Titanite 1.3 

Epidote 3.5 

Chlorite 1 

Calcite 1 

Kaolin  and  muscovite .8 


100.  0 
The  average  specific  gravity,  2.77,  was  determined  by  weigliing  the  hand  specimens  in  air 

and  then  in  water. 

From  these  data  the  average  chemical  composition  was  calculated  by  assuming  for  the 

hornblende  and  biotite  the  compositions  of  like  minerals  from  a  similar  rock  from  Butte,  Mont. 

Average  chemical  composition,  norm,  and  classification  of  the  intrusives  of  the  Coast  Range. 


Average  chemical  composition. 

Norm. 

Classification. 

Constitu- 

Per 

Molecu- 

ent. 

cent. 

lar  ratio. 

SiOi 

61.0 

1.017 

Q 

....16.14  16.141 

Class,  ^=4.78 
Order,  ^-4.22 

TiOs 

1.0 

.013 

Or.... 

...13.32)            [84.26 

AljOs.... 

17.5 

.171 

Ab.... 

....27.78^8.12] 

FejO...... 

1.6 

.010 

An.... 

....27.02) 

FeO 

MnO 

2.7 
.1 

.038 
.001 

Di.... 
Hy.... 

.v.:  I;?lh=« 

KsO'-l-NajO' 
I''>°e.        CaO'        - 

0.82 

MgO 

CaO 

2.4 
6.9 

.060 
.123 

Mt.... 
11 

■-  2-32|  4,29  15.52 

Subrang,^;=0.45 

NajO.... 

3.3 

.053 

.\p.... 

67      .67 

KiO 

2.3 

.024 

H2O 

.9 

.050 

PiOs 

.3 

.002 

100.0 

Its  chemical  and  mineral  composition  places  tins  rock  in  the  family  of  cjuartz  diorites,  of 
the  type  tonaUte,  according  to  the  usual  classification.  In  the  quantitative  classification  of 
Cross,  Iddings,  Pirsson,  and  Washington  the  rock  is  dosalic,  dosalone,  quardofelic,  alkahcalcic, 
and  dosodic,  and  belongs  in  Class  II,  order  4  (austrare),  rang  3  (tonalase),  and  subrang  4  (tona- 
lose).     In  short,  it  is  tonalose  of  the  ordinary  type. 

The  amount  of  titanite  is  unusually  large,  as  it  is  in  many  of  the  intrusives  of  the  Coast 
Range.  The  hornblende  occurs  usually  in  dark  prismatic  crystals,  noticeable  for  excellent 
prismatic  cleavage  and  lack  of  terminal  faces.  Many  biotite  flakes  are  hexagonal  and  deep 
brown  in  transmitted  light.     A  few  crystals  of  apatite  are  visible  to  the  unaided  eye,  but  tlus 
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mineral  occurs  generally  in  fine  hexagonal  microscopic  crystals.     Pale-green  veinlets  of  secondary 
epidote,  which  follow  fracture  planes  in  the  gi-anodiorite,  are  not  rare. 

These  even-grained  rocks  generally  have  the  normal,  sharply  defined,  granitoid  texture, 
but  include  also  gradations  to  holocrystalUne  porphyritic  phases,  due  to  the  superior  develop- 
ment of  the  feldspars.  Gneissic  structure  is  common  near  the  western  margin  of  the  Coast 
Range  belt.  In  some  places  gneissic  structure  has  been  so  far  developed  in  the  granite  and  the 
neighboring  invaded  sediments  have  been  so  thorouglily  converted  to  gneiss  that  it  is  difficult 
to  define  the  precise  limits  of  the  original  intrusive  granite. 

CONTACT  FEATURES. 

The  granite  near  the  contact  contains  abundant  inclusions  of  the  intruded  scliist.  These 
inclusions  become  more  and  more  coarsely  crystalline  away  from  the  contact,  until  finally  they 
resemble  basic  or  acidic  differentiation  products  and  are  gradually  lost  to  sight.  Pegmatite  and 
apUte  dikes  form  an  intricate  network  and  mesh  of  white  strands  along  the  outer  portions  of  the 
granodiorite  massifs  and  in  the  adjacent  schists,  but  are  practically  absent  in  the  central  parts 
of  the  bathoUths.  Several  systems  of  such  dikes  were  observed.  The  oldest  set  occurs  as  tliin 
narrow  bands  following  master  joint  planes  and  standing  out  as  ribs  above  the  surface  of  the 
more  easily  weathered  granite;  a  second  set  is  wider  and  usually  perpendicular  to  the  first;  and 
a  third  and  still  later  set,  wliich  is  distinctly  irregular,  apparently  fills  the  largest  fracture  cracks. 
Tills  concUtion  suggests  that  during  the  last  period  of  magmatic  acti^'ity  the  rock  masses  under- 
went considerable  movement  and  fracturing  and  were  brought  nearer  the  surface.  That  still  later 
differential  movement  has  taken  place  is  evident  from  the  minor  faulting  of  the  pegmatite  dikes 
themselves.  At  a  distance  tliis  scliist  complex,  with  its  innumerable  pegmatitic  dikes,  resembles 
a  breccia,  the  wHte  pegmatites  acting  as  interstitial  cement  for  the  dark  angular  fragments  and 
blocks  of  schists.  The  occuiTence  of  these  innumerable  pegmatites  in  the  scliists  along  the 
margin  of  the  Coast  Range  bathoUths  is  a  significant  indication  of  the  immense  quantities  of 
pneumatolytic  solutions  given  off  by  the  invading  crystallizing  magmas.  However,  in  tliis 
region  of  most  intense  development  of  pegmatites,  the  amount  of  ore  deposition  was  slight  and 
no  large  ore  bodies  have  been  discovered. 

Farther  away  from  the  granitic  intrusion  magmatic  solutions  given  off  by  these  igneous 
masses  penetrated  the  schists  and  encountered  conditions  more  favorable  to  the  precipitation  of 
the  metalUc  sulpliides  carried  in  solution  and  deposited  them.  As  a  result  the  argillites  and 
slates  a  few  miles  west  of  the  contact,  as  on  Cleveland  Peninsula  and  Re^ollagigedo  Island,  are 
very  liea\'ily  impregnated  with  sulpliides,  and  in  certain  places  the  precious  metals  have  been 
in  quantities  sufficient  to  form  valuable  deposits. 

The  secUmentary  roclvs  flanking  the  Coast  Range  batholiths  in  tliis  region  are  folded  closety 
Bear  the  contact  and  more  openly  at  a  distance  so  that,  though  their  general  trend  is  parallel  to 
the  range,  their  dip  is  extremely  variable,  ranging  from  northeasterly  to  southwesterly  at  all 
angles.  Witliin  the  granite  area  itself  are  occasional  belts  of  included  sedimentary  rocks  in  a 
highly  metamorphosed  condition.  They  vary  from  argilhtes  to  mica,  hornblende,  and  calca- 
reous scliists  of  various  types,  even  marble,  and  occur  in  long  bands,  intensely  folded.  They 
still  preserve  in  general  their  northwest  trend,  parallel  to  the  course  of  the  range,  and  their 
steep  northeasterly  dip,  and  they  are  walled  in  by  great  mountain  masses  of  intrusive  gi'anite. 
Most  of  the  included  belts  of  scliist  in  the  Coast  Range  are  not  wide,  and  more  appear  near  the 
mountain  tops  than  at  sea  level.  They  can  be  traced  up  the  exposed  chffs  and  bare  mountain 
sides  for  4,000  to  6,000  feet.  They  are  in  many  places  intensely  mineralized  with  sulpliides, 
especially  p}Tite,  and  near  the  mountain  crests  show  abundant  evidence  of  contact  metamor- 
phism  and  the  formation  of  garnetiferous  rocks. 

A  comparison  of  the  metamorphic  effects  of  the  intrusive  granite  along  its  western  and 
eastern  flanks  in  the  latitude  of  the  Ketclukan  district  shows  decided  differences.  On  the  coastal 
side  the  metamorpliism  near  the  contact  is  usually  of  the  deep-seated  type ;  gneisses  and  schists 
predominate  and  are  cut  by  innumerable  pegmatite  dikes  ramif^'ing  from  the  granite.  Mineral- 
ization by  sulpliides  is  not  pronounced  near  the  contact.     Farther  west,  at  some  distance  from 
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the  contact,  evidences  of  contact  metamorphism  increase  and  the  degree  of  minerahzation  also 
increases,  valuable  ore  bodies  ha^'ing  been  discovered  witliin  tliis  zone  in  the  Ketcliikan  district. 
Along  the  eastern  border  of  the  granite,  on  the  other  hand,  the  metamorpMsm  is  of  the  contact 
type,  and  argillites  and  slates  predominate  and  are  in  many  places  indurated  and  heavily  impreg- 
nated with  sulphides.  Well-defiiied  ore  bodies  have  been  found  near  the  granite  contact.  The 
geologic  interpretation  of  these  data  indicates  clearly  that  the  rocks  east  of  the  massifs  were 
less  deeply  buried  at  the  time  of  intrusion  than  those  on  the  coastal  side.  In  other  words,  the 
inland  rocks  were  then  above  the  zone  of  deep-seated  metamorpliism  or  rock  flowage  and  were 
therefore  profoundly  affected  by  the  invading  intrusives  and  accompanjang  pneumatolytic 
solutions.  Furthennore,  the  mineral-bearing  solutions  emanating  from  the  granite  encountered 
new  conditions  of  temperature  and  pressure  on  entering  the  adjacent  sedimentary  rocks  and 
deposited,  as  supersaturated  solutions  in  their  new  environment,  a  portion  of  their  dissolved 
contents,  especially  the  metalUc  sulpliides  and  sihcates. 

In  tliis  large  belt  the  phenomena  of  contact  metamorphism  are  not  so  pronounced  and  con- 
centrated as  in  the  contact  aureole  of  a  small  intrusive  boss,  such  as  at  Copper  Mountain.  They 
are  equally  varied,  though  more  extensive  and  on  a  larger  scale.  It  has  frequently  been  observed 
that  in  a  small  contact  aureole  different  contact  minerals  occur  at  different  distances  from  the 
intrusive  mass,  and  that  under  similar  conditions  an  evident  relation  exists  between  a  given 
contact  mineral  and  its  distance  from  the  invading  rocks;  and  in  a  general  way  this  law  appar- 
ently holds  true  for  this  eastern  contact  zone  of  mineralized  sechmentary  rocks. 

As  further  evidence  of  the  important  part  played  by  the  intrusives  of  the  Coast  Range, 
it  may  be  noted  that  the  ore  deposits  are  apparently  all  later  than  these  intrusives ;  that  occa- 
sionally the  pegmatite  dikes  in  tliis  area  pass  gradually  into  quartz  veins,  and  that  the  e%'idences 
of  contact  metamorpliism  and  the  development  of  contact  minerals  such  as  stauroUte,  garnet, 
and  andalusite  are  not  rare  in  the  hea\-ily  mineralized  rock  belts.  Nearer  the  Coast  Range  the 
rocks  now  exposed  were  at  the  time  of  intrusion  deeply  buried  and  therefore  extremely  hot  and 
under  considerable  pressure.  The  solutions,  escaping  from  the  granite  and  entering  tliis  complex, 
encountered  conditions  not  greatly  unhke  those  witlun  the  crystalhzing  gi'anite  itself,  and 
sulpliide  deposition  was  sUght.  On  reacliing  the  zone  of  less  pressure  and  colder  rock  forma- 
tions, however,  the  ascending  solutions  met  conditions  favorable  to  the  precipitation  of  sulphides 
and  minerals  closely  allied  to  those  of  ordinary  contact  metamorpliism,  where  heat  and  magmatic 
solutions  are  the  prime  agents  of  metamorpliism. 

OTHER  INTRUSIVES. 

Dikes  of  diabase,  andesite,  porphyry,  and  felsite  are  common  throughout  the  region  and 
cut  all  the  older  rock  strata.  Some  of  these  have  been  indicated  on  the  geologic  map.  The 
importance  of  these  rocks,  however,  is  relatively  small  when  compared  with  the  intrusives  of 
the  Coast  Range  and  their  accompanying  dike  rocks.  For  the  most  part  these  dikes  may  be 
considered  as  intrusive  forms  of  the  greenstones,  andesites,  and  basaltic  lavas.  Diabase,  the 
most  mdely  distributed  dike  rock  in  the  region,  cuts  the  ore  bodies  in  many  places.  It  usually 
has  a  fine-grained  ophitic  texture,  is  dark  green,  and  consists  essentially  of  altered  plagioclase 
feldspar,  together  %vith  basaltic  hornblende  largely  altered  to  uraUte.  Both  magnetite  and  pyrite 
are  generally  present  in  disseminated  grains.  The  porphyries,  which  may  be  regarded  as  the 
dike  rocks  of  the  andesitic  lavas,  are  characterized  by  their  porphyritic  texture,  by  their  hght- 
green  color,  and  by  large  phenocrysts  of  plagioclase  feldspar  contained  in  a  finely  crystalline 
groundmass.  These  dikes  are  numerous  along  the  shore  exposures,  where  they  cut  the  Paleozoic 
strata  and  the  granitic  intrusives.  Narrow  cUkes  of  basalt  were  obseixed  on  Kasaan  Penin- 
sula and  at  other  localities.  They  are  usually  black,  finely  crystalline,  and  poi-phyritic,  and  vary 
widely  in  composition.     The  basalts  are  the  most  recent  intrusive  rocks. 

EXTRUSrVES. 

The  greenstone  extrusives  mentioned  in  the  foregoing  pages  are  represented  essentialh-  by 
tuffaceous  strata  and  lava  flows,  which  have  been  generally  metamorphosed  and  rendered 


24  COPPER   MOUNTAIN   AND   KASAAN   PENINSULA,   ALASKA. 

scMstose,  their  original  mineral  constituents  ha\'ing  been  replaced  to  large  extent  by  secondary 
products.  Because  of  tliis  alteration  the  former  character  of  the  rock  has  in  most  places  been 
obhterated,  but  elsewhere  their  texture  and  mineral  content  mark  them  as  igneous  rocks.  The 
interstratification  and  the  intermingling  of  the  igneous  material  with  the  black  slates  indicate 
that  most  of  the  igneous  material,  composed  of  tuffs  and  some  agglomerates,  resulted  from 
volcanic  outbursts.  Lava  flows  also  occur,  but  are  less  frequent.  They  are  somewhat  meta- 
morphosed, have  a  greenish  cast,  and  range  in  composition  from  altered  andesites  and  andesitic 
tuffs  to  basalts  and  altered  gabbros. 

In  their  most  altered  form  the  greenstone  schists  are  fine  grained  and  are  composed  largely 
of  chlorite,  calcite,  and  secondary  hornblende,  which  give  the  rocks  a  dark-green  color.  These 
schists,  where  permeated  by  mineral-bearing  waters,  contain  considerable  amounts  of  pyrite, 
and  in  several  places  have  been  bleached  to  a  light  yellow,  as  on  Gra^■ina  Island  and  Cleveland 
Peninsula. 

As  is  shown  on  the  general  geologic  map,  the  greenstones  are  distributed  along  the  mainland 
belt  including  Gravina  Island,  Cleveland  Peninsula,  and  Duncan  Canal  and  are  also  well  devel- 
oped along  the  shores  of  Hetta  Inlet  and  on  Shukwan  Island.  The  greenstones  are  irregularly 
involved  with  the  slates,  limestones,  quartzites,  and  schists,  having  been  folded  and  com- 
pressed with  them,  and  are  considered  to  be  essentially  of  the  same  age. 

The  extrusive  rocks  provisionally  referred  to  the  Jurassic  or  the  Cretaceous  are  made  up 
of  lavas  and  tuffs  like  those  of  the  upper  Carboniferous.  These  extrusives  include  altered 
andesites,  hornblendic  porphyries,  quartzose  porphyries,  and  basalt  tuffs.  With  these  extru- 
sives are  included  fragmental  or  clastic  rocks  composed  of  volcanic  tuffs,  sandstones,  and  con- 
glomerates. As  a  whole  the  lavas  are  less  prominent  than  the  clastic  rocks.  They  are  inter- 
calated with  the  sedimentary  slates  and  sandstones  or  graywackes.  The  original  character  and 
manner  of  deposition  of  extrusives  must  have  been  very  similar  to  that  of  the  older  greenstones. 
They  are,  however,  readily  distinguished  from  the  greenstones  by  differences  in  composition  and 
texture  and  by  their  dominant  reddish  color,  and  also  by  a  diff'erence  in  the  amount  of  apparent 
metamorphism  of  the  extrusives.  They  have  not  been  changed  to  chlorite  or  talcose  schists 
and  do  not  show  the  degree  of  alteration  that  is  characteristic  of  the  older  greenstones.  As 
indicated  on  the  accompanying  map,  the  andesites  occupy  irregular  areas  on  the  south  end  and 
along  the  west  coast  of  Prince  of  Wales  Island  but  are  not  known  to  occur  in  other  portions  of 
the  Ketchikan  district. 

Basaltic  lavas  of  postglacial  age  occupy  small  areas  at  many  points  along  the  mainland  and 
on  Revillagigedo  Island.  They  lie  in  nearly  horizontal  beds  on  the  upturned  schists  and  granitic 
rocks.  The  massive  lava  dominates,  but  narrow  beds  of  tuft'aceous  material  or  ash  were  also 
observed.  These  flows  correspond  to  the  lavas  on  Kruzof  Island  in  the  Sitka  district  to  the 
northwest. 

STRUCTUEE. 

A  consideration  of  the  entire  coastal  province  of  southeastern  Alaska  biings  out  several 
important  features  which  throw  light  on  the  dynamic  history  of  the  region.  In  the  Ketchikan 
(Ustrict  alone  these  features  are  not  very  clearly  marked.  Prior  to  the  development  of  the  main 
northwest-trending  structural  lines,  which  at  present  dominate  this  coastal  province  and  are 
most  pronounced  adjacent  to  the  wide  areas  of  intrusive  rocks,  the  prevalent  structure  was  made 
up  of  northeastward-trending  folds.  These  folds  still  form  a  minor  system,  prominent  on  the 
west  coast  of  Piince  of  Wales  Island.  The  later  and  more  intense  folding  of  the  beds,  on  a 
broader  scale,  wliicli  forms  the  major  system  and  trends  northwestward,  has  in  general  obht- 
erated this  minor  system.  Nearer  the  intrusive  belts  the  larger  system  gradually  prevails,  and 
the  minor  folds  as  a  whole  are  combined  in  the  broader  anticlines  and  synclines  of  the  major 
northwest-trending  folds.  Complex  minor  folding  and  fractiu-ing  is  thus  produced  in  the  beds. 
The  fact  that  beds  of  upper  Carboniferous  age  have  this  northeasterly  folding  indicates  that 
this  was  the  dommant  bedrock  structure  at  the  close  of  the  Paleozoic  era.  Whether  the 
younger  system  of  folding  was  produced  just  before  the  mtrusion  of  the  granite  of  the  Coast 
Range  or  at  the  time  of  its  invasion  has  not  been  definitely  estabhshed,  though,  as  suggested 
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by  Spencer/  it  was  probably  before  the  invasion  of  these  igneous  rocks,  as  the  planes  of  contact, 
w-ith  few  exceptions,  follow  the  planes  of  bedding;  to  present  this  structure  the  strata  must 
have  been  highly  tilted  and  must  hare  occupied  a  position  similar  to  that  which  they  now  have. 
jUong  the  mainland,  across  a  -svidth  of  from  5  to  10  miles,  the  uniformity  of  the  strike  and  dip 
of  the  stratified  rocks  adjacent  to  the  Coast  Range  batholiths  indicates  a  monoclinal  structure. 
Such  interpretation,  however,  would  necessitate  a  still  greater  thickness  of  the  rock  beds  at  the 
time  of  their  deposition,  as  in  their  present  condition  they  are  greatly  compressed  and  meta- 
morphosed. From  the  evidence  of  broad  foldmg  of  the  beds  it  is  reasonable  to  assume  that  this 
rock  belt  has  the  structure  of  a  closely  folded  and  compressed  synclinorium,  in  which  the  tops  of 
the  anticHnes  have  been  removed,  leaving  httle  or  no  definite  proof  of  their  existence. 

After  this  great  period  of  niountam  building,  wliich  is  believed  to  have  occurred  about 
the  close  of  Paleozoic  or  m  early  Mesozoic  time,  further  important  orogenic  movements  of  the 
earth's  crust  took  place  and  are  clearly  showai  in  the  Mesozoic  beds  on  Prince  of  Wales  Island. 
In  certain  locahties  these  beds  overhe  the  granite  intrusives  and  have  assumed  a  steeply  tilted 
position,  with  a  northwesterly  strike,  and  are  considerably  metamorphosed,  but  at  other  places 
they  are  only  shghtly  folded  and  show  no  persistent  direction  of  strike  or  dip  and  but  Uttle 
metamorphism.  The  forces  producing  this  later  structure  affected  the  older  Paleozoic  strata 
largely  by  faulting,  Assuring,  and  tUtuig,  and  not  by  intense  folding.  The  structural  character- 
istics in  the  more  recent  rock  formations  indicate  tilting  and  faulting,  and  there  is  Httle  or  no 
evidence  of  folding  or  metamorphic  action.  The  effects  appear  to  be  confined  largely  to  the 
basins  or  local  areas  occupied  by  these  rocks,  and  in  the  older  beds  faults  and  fissures  were 
probably  produced  along  wliich  the  basaltic  lavas  subsequently  found  egress. 

In  "addition  to  the  preceding  description  of  the  different  periods  of  dynamic  revolution, 
the  structurally  significant  faultmg  which  accompanied  these  orogenic  movements  deserves 
special  consideration.  Evidence  of  these  faults  is  shown  by  the  local  discontinuity  of  the  strata. 
These  faults,  wliich  are  possibly  numerous,  are  parallel  to  the  bedcUug,  and  are  therefore  difficult 
to  decipher,  because  of  the  extreme  metamorphism  of  most  of  the  rocks. 

OUTLINE    OF    GEOLOGIC    HISTORY. 

The  sedimentary  record  m  this  province  begins  with  the  deposition  of  a  series  of  fragmental 
rocks,  now  represented  by  banded  quartzite,  sandstone,  a  few  bods  of  conglomerate,  and  some 
tuffaceous  material.  These  clastic  rocks  grade  upward  into  calcareous  beds  and  into  hmestone 
containing  a  Silurian  fauna.  Though  the  age  of  the  earliest  sediments  has  not  been  determined 
they  are  behoved  to  be  mostly  Silurian,  as  they  are  succeeded  with  apparent  conformity  by 
limestonos  of  that  age.  However,  since  their  tluckness  is  estimated  at  10,000  feet  or  more, 
it  is  possible  that  their  deposition  began  in  an  earher  period.  At  all  events  the  record  shows  that 
sedimentation  was  probably  continuous  duiing  early  Silurian  time,  when  clastic  rocks  were 
deposited  to  a  great  tliickness,  and  that  there  was  then  a  gradual  deepening  of  the  sea,  and 
several  thousand  foot  of  hmestone  strata  were  laid  down.  The  deposition  of  this  SUurian 
limestone  was  possibly  followed  by  a  period  of  earth  movement,  duiing  wliich  the  rocks  were 
indurated  and  more  or  less  folded,  but  of  tliis  fact  there  is  no  definite  proof. 

The  oldest  reprosentarive  of  the  Devonian  system  is  a  succession  of  conglomerate  and  sand- 
stone beds,  composed  largely  of  igneous  material,  wldch  in  most  places  appear  to  be  less  altered 
than  the  Silurian  Hmestonos  and  underlying  clastic  rocks.  The  pebbles  of  the  conglomerate 
are  embedded  in  a  tuffaceous  matrix  and  were  derived  chiefly  from  the  older  banded  quartzite 
and  hmestone  strata.  Tliis  series,  wliich  is  estimated  to  bo  1,200  feet  tldck,  grades  upward 
with  apparent  conformity  into  the  Lower  Devonian  hmcstones.  These  calcareous  beds  are 
nearly  2,000  feet  thick  and  their  period  of  deposition  probably  extended  well  up  mto  IVIiddle 
Devonian  time.  In  other  parts  of  the  region  the  Middle  Devonian  is  represented  by  argillaceous 
scliists  and  slaty  Hmestonos,  but  the  relations  between  those  and  the  early  Devonian  Hmostones 
are  not  known.  After  deposition  of  the  slaty  Hmestonos  and  argillites  and  ajiparontly  con- 
formable with  them  a  Hmestone  of  considerable  thickness  was  laid  down  in  Upper  Devonian 

1  Spencer,  A.  C,  The  Juneau  gold  belt.  Alaska:  U.  S.  Geol.  Survey  BuU.  2S7,  p.  14, 1906. 
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time.  This  later  limestone,  though  MgUy  crystalUne  and  in  places  folded,  does  not  generally 
show  the  intensity  of  dynamic  action  wMch  characterizes  the  older  limestones. 

The  Carboniferous  period  seems  to  have  been  begun  by  the  deposition  of  gray  limestone 
beds  1,500  feet  or  more  in  thickness,  and,  though  the  relations  between  these  beds  and  the 
underlying  Devonian  strata  have  not  been  clearly  determuied,  it  is  probable  that  a  deep  sea 
covered  this  region  from  late  Devonian  to  early  Carboniferous  time.  Along  the  mainland 
the  corresponding  limestone  beds  are  infolded  with  argiUites  and  crystalline  schists  and  are 
higldy  metamorphosed.  These  argdlites  are,  in  part  at  least,  Mesozoic.  A  long  period  of 
volcanic  activity  followed.  The  beds  of  lava  and  ash  ejected  from  the  volcanic  vents  wera 
contemporaneous  with  tlie  slate  beds,  and  because  of  their  intimate  association  mth  the  sedi- 
ments the  volcanics  are  regarded  as  submarine  extrusives.  Tliey  are  now  represented  by  the 
altered  massive  greenstones  and  greenstone  schists,  which  are  widely  exposed  throughout  the 
region  and,  together  with  the  interstratified  slate  beds,  have  a  thickness  estimated  at  about 
4,000  feet. 

The  sequence  of  geologic  events  during  the  Mesozoic  era  is  not  clearly  defined  because  of 
the  lack  of  paleontologic  and  structural  evidence  and  because  of  the  great  orogenic  changes 
which  took  place  during  tliis  era.  During  early  Mesozoic  time  the  bedded  rocks  suffered  intense 
metamorphism  and  recrystallization,  resulting  in  the  conversion  of  the  sedimentaiy  strata  to 
schists  and  slates  and  in  the  alterations  of  the  volcanic  rocks  to  amphibole  schists  and  chloritic 
greenstones.  At  the  same  time  the  beds  were  highly  tUted  and  intricately  folded,  the  direc- 
tion of  the  axes  of  folding  being  generally  southeast.  These  changes  are  exemplified  more 
clearly  in  the  beds  flanking  the  Coast  Range  than  in  the  sedimentary  rocks  composing  the 
outer  islands.  Early  Mesozoic  slates  have  been  recognized  in  the  Berners  Bay  district,  and,  as 
suggested  by  Brooks,'  probably  Triassic  beds  are  infolded  with  these  older  metamorphosed 
sediments  in  the  Ketchikan  district.  The  large  development  of  the  Triassic  deposits  to  the 
south  in  British  Columbia  points  to  the  same  conclusion. 

The  most  important  event  in  this  district  during  Mesozoic  time  was  the  intrusion  of  the 
great  batholiths  of  the  Coast  Range.  A  stud}^  of  the  section  across  the  axial  mass  of  the  Coast 
Range  itself  shows  that  the  mass  is  not  a  simple  batholith  but  is  made  up  of  successive  intrusions 
along  the  same  general  line  of  weakness  in  the  earth's  crust.  On  the  outlying  islands  granitic 
masses,  which  are  much  altered  and  contain  many  shearmg  planes,  are  invaded  by  granitic 
intrusives  only  slightly  altered,  which  in  turn  are  intruded  by  pegmatitic  dikes  and  masses. 
Between  these  successive  intrusions  considerable  time  probably  elapsed.  The  main  folding  and 
tnting  of  the  bedded  rocks  referred  to  above  probably  preceded  the  actual  invasion  of  the  grano- 
dioritic  rocks,  as  suggested  by  Spencer,^  a  suggestion  based  on  the  fact  that  their  lines  of  intru- 
sion are  in  a  broad  way  parallel  to  the  bedding  planes  and  schistosity  of  these  older  rocks,  also 
on  the  fact  that  a  few  inclusions  of  schist  fragments  occur  within  the  intrusive  massif.  In  order 
to  control  thus  effectively  the  lines  of  intrusion  of  the  granodiorites,  the  invaded  sedimentaries 
must  have  been  higldy  tilted  previous  to  the  time  of  igneous  intrusions. 

Observations  made  in  southeastern  Alaska  and  elsewhere  show  that  the  geologic  processes 
which  combined  to  produce  these  vast  intrusions  and  structural  phenomena  acted  very  slowly 
and  over  long  periods  of  time.  Though  the  Coast  Range  intrusion  is  generally  considered  as 
having  occurred  at  one  period,  a  conclusion  that  is  undoubtedly  true  for  limited  areas,  it  is 
probable  that  in  southeastern  Alaska,  at  least,  considerable  time  intervened  between  the  first 
granite  invasion  and  the  final  solidification  of  the  last  intrusive  masses.  It  is  not  possible  now 
to  refer  these  granitic  intrusions  in  tliis  province  to  a  definite  geologic  period,  but  the  evidence 
available  in  adjacent  provinces  iiidicates  that  they  continued  at  least  until  late  Middle  Jurassic 
time.  These  invasions  of  igneous  material  were  evidently  the  cause  of  the  vast  amount  of 
metamorphism  and  deformation  of  the  sedimentary  strata  along  their  contacts,  and  it  is  also 
probable  that  many  of  the  ore  bodies  were  deposited  just  after  these  igneous  invasions,  the 
intrusive  containing  the  material  forming  the  ore.     The  transfer  of  igneous  material  to  points 

'  Brooks,  A.  H.,  Ketchikan  mining  district:  l".  S.  Geol.  Survey  Prof.  Paper  1,  pp.  22-28, 1902.  2  Spencer,  A.  C,  op.  cit.,  p.  19. 
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nearer  the  earth's  surface  naturally  produced  strains  in  the  earth's  crust,  which  found  relief  in 
cracks  and  fissures  and  lines  of  brecciation  at  the  contacts  of  the  intrusives  and  elsewhere.  The 
lines  of  weakness  thus  formed  furnished  channels  that  afforded  free  circulation  for  mineralizing 
solutions,  which  are  believed  to  have  been  derived  for  the  most  part  from  the  igneous  masses 
themselves  and  to  have  been  given  off  while  the  masses  were  in  process  of  solidification. 

A  period  of  erosion  appears  to  have  followed  the  intrusion  of  the  Mcsozoic  granite,  and  later 
another  epoch  of  volcanism  began.  The  volcanic  rocks  of  this  later  epoch  are  represented  by 
tuffaceous  deposits  antl  lavas  that  occupy  considerable  areas  in  the  southern  and  western  parts 
of  Prince  of  Wales  Island  where  they  lie  on  the  eroded  surface  of  the  granite  and  are  overlain 
by  or  intcrstratified  \vith  deposits  of  plastic  rock.  The  steeply  tUted  attitude  and  metamorphosed 
condition  of  these  volcanic  rocks  indicate  that  they  were  considerably  folded  but  that  the  struc- 
tural deformation  was  not  widespread,  as  it  did  not  greatly  modify  the  early  Mesozoic  folding 
which  precedetl  the  intrusion  of  the  granite. 

The  deposition  and  folding  of  these  Mesozoic  strata  appear  to  have  been  followed  by  a 
a  long  period  of  quiescence,  during  which  erosion  was  probably  extensive.  In  upper  Eocene 
time  sedimentation  took  place  in  local  basins.  The  beds  then  formed,  including  fine  conglomerate 
and  shales  with  some  lignite,  were  subsequently  tilted  and  faulted,  but  this  disturbance  was 
apparently  local.  No  evidence  of  marine  life  has  been  found  in  them  and  probably  they  were 
fresh-water  accumulations.  They  occur  only  near  sea  level  and  in  low-lying  valleys  and  basins 
practically  inclosed  by  mountains  of  granite  and  older  metamorphosed  rocks.  These  beds  rep- 
resent the  most  recent  sedimentary  formations  of  the  Kctcliikan  district  and  after  their  deposi- 
tion wide  areas  of  land  were  flooded  by  basaltic  lavas  which  poured  forth  through  fissures  in 
enormous  volume.  These  lava  flows  are  flat-lying  and  on  Kuiu  Island  in  the  Wrangell  district 
attam  a  tliickness  of  over  1,500  feet.     They  were  probably  extruded  at  the  close  of  the  Eocene. 

A  large  part  of  the  Tertiary  sediments  may  have  been  subsequently  removed  by  erosion,  for 
there  must  have  been  a  long  period  of  quiescence  after  their  deposition  and  deformation.  The 
next  important  event  in  the  region  was  the  ilevelopment  of  the  ice  sheet  which  covered  the  enthe 
district.  Its  retreat  left  the  topography  in  essentially  its  present  form.  After  the  retreat  of  the 
ice  some  lava  sheets  were  locally  erupted. 

GEXER.\L    DISTRIBUTION    OF   MINERALIZATION. 

Witliin  the  mainland  belt  and  in  the  eastern  part  of  Revillagigedo  Island,  in  the  Ketchikan 
district,  mineralization  is  scattered  both  in  the  granitic  intrusives  and  the  adjacent  schists,  but 
mineralized  zones  corresponding  to  those  in  the  Juneau  gold  belt  to  the  north  are  less  strongly 
marked.  Quartz  veins  and  metallic  impregnations  are  found  only  localty,  and  prospecting  has 
revealed  comparatively  few  valuable  ore  deposits  in  the  areas  occupied  by  these  rocks.  Explora- 
tions have  been  confined,  however,  mainly  to  the  shores  of  the  deep,  narrow  fiords,  from  which 
the  mountains  rise  abruptly  to  liigh  altitudes.  Steep,  forest-covered  slopes  make  prospecting 
difficult  and  have  restricted  the  knowledge  of  the  greater  portion  of  the  schist  belt  to  the  vicinity 
of  salt  water.  The  ore  bodies  thus  far  disclosed  have  been  developed  near  Smeaton  Bay  in  Behm 
Canal;  at  Sealevel,  on  the  northeast  side  of  Thorne  Arm;  and  near  the  head  of  Carroll  Inlet. 
For  the  most  part  they  consist  of  simple  veins  in  fissures  and  lode  deposits  of  complex  composi- 
tion.    They  contain  onl}^  moderate  values  in  gold. 

In  the  slate-greenstone  belt,  which  borders  Tongass  Narrows  and  includes  the  western  part 
of  Cleveland  Peninsula,  ore  bodies  of  considerable  importance  have  been  formed.  They  are 
largely  lode  deposits  or  mineralized  bands,  within  which  the  greenstone  scliist  country  rock  has 
been  sheared  and  fissured  and  then  permeated  by  the  mineral-bearmg  solutions.  In  these 
mineralized  bands  or  loile  deposits  the  country  rock  has  a  bleached  appearance  and  is  impreg- 
nated with  small  cubes  of  pyrite  and  other  sulphides.  Local  narrow  seams  of  massive  sulphide 
ore  are  found  and  native  gold  is  seen  here  ami  there  in  the  vein  quartz  or  appears  as  thin  films 
or  flakes  along  the  jointing  cracks  and  slipping  planes.  Besides  gold  and  small  amounts  of 
silver,  copper  also  occurs  in  slight  amounts  in  some  of  the  deposits  of  these  rocks. 
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Though  quartz  veins  are  prominent  throughout  the  slate  and  greenstone  belt,  some  of 
which  show  particles  of  native  gold,  most  of  them  are  too  smaU  or  their  gold  content  is  too  low 
to  pay  for  mining. 

On  Prmce  of  Wales  Island  the  regularity  of  the  rock  structure  is  locally  interrupted  by 
broad,  irregular  areas  of  intrusive  granitic  rocks,  and  for  this  reason  the  ore  bodies  are  not 
traceable  along  definite  zones.  Mineralization  is  in  general  closely  related  to  the  intrusive  rock 
masses,  and  many  of  the  deposits  are  at  the  contacts  of  the  intrusives  or  in  their  vicinity.  They 
occur  as  large  lenticular  bodies  and  as  veuas  of  nearly  massive  sulphide  ore  composed  of  pyrite, 
chalcopyrite,  magnetite,  and  pyrrhotite  in  a  matrix  of  garnet,  quartz,  calcite,  and  other  gangue 
minerals.  Such  deposits  are  found  on  Copper  Mountain  and  on  Kasaan  Peninsula.  Bodies  of 
copper  ore  inclosed  in  a  greenstone  schist  country  rock,  both  in  lenticular  masses  and  in  veins, 
occur  at  Niblack  Anchorage,  at  the  head  of  North  Arm,  and  in  Iletta  Inlet.  Bornite  and 
chalcopyrite  occur  in  small  patches  that  are  in  places  disseminated  through  the  granitic  intrusives 
and  are  being  explored  on  the  Goodro  claims  to  the  northeast  of  Karta  Bay. 

On  Prince  of  Wales  Island  gold  ores  are  confined  principally  to  the  limestones  and  phyUites 
and  are  being  mined  in  the  vicinity  of  Ilollis,  on  Chohnondeley  Sound,  and  at  Dolomi.  At 
these  points  the  gold  occurs  in  veins  of  quartz  and  in  lodes  following  lines  of  brecciation  in  the 
limestone.  It  is  commonly  present  in  the  native  form  and  is  in  many  places  accompanied  by 
considerable  amounts  of  silver  and  copper.  The  principal  ore  minerals  are  pyrite,  galena, 
sphalerite,  and  tetrahedrite. 

Auriferous  veins  in  the  granitic  intrusives  have  been  located  and  partly  developed  on 
Granite  Mountain  to  the  west  of  Karta  Bay,  at  several  points  in  the  vicinity  of  Shakan,  and  at 
Ratz  Harbor  in  Clarence  Straits.  These  veins  show  that  the  granitic  areas  are  not  every- 
where barren  of  ore,  as  often  assumed. 

Ores  of  silver,  lead,  and  zinc  have  been  observed  at  several  localities  on  Prince  of  Wales 
Island,  though  the  only  deposit  that  has  been  developed  is  on  the  Moonshine  claim,  in  Chol- 
mondeley  Sound.  At  this  place  the  ore  occurs  in  aweU-defined  vein  traversing  the  limestone 
and  greenstone  schist  country  rock. 

COPPER  MOUNTAIN  AREA. 

TOPOGRAPHY. 

The  Copper  Mountain  area  as  here  defined  embraces  about  86  square  miles  of  rugged 
country  on  the  west  side  of  Prince  of  Wales  Island.  (See  PI.  II.)  It  takes  its  name  from 
Copper  Mountain  (altitude,  3,946  feet),  which  marks  the  center  of  the  area.  This  mountain 
and  other  peaks,  sucli  as  Mount  Jumbo  (3,464  feet),  Hetta  Mountain  (2,  961  feet),  BiUie  Moun- 
tain (3,250  feet).  Green  Monster  Mountain  (2,900  feet),  and  their  connecting  ridges  and  spurs 
form  a  rugged  highland  which  is  boimded  on  the  west  and  north  by  Hetta  Inlet  (see  Pis.  Ill,  A, 
and  IV,  B),  a  deep  embayment  of  Prince  of  Wales  Island.  On  the  east  the  upland  merges  into 
the  unmapped  mountains  of  Prince  of  Wales  Island.  Hetta  Inlet  is  bounded  on  the  north 
and  west  by  highlands,  only  the  lower  slopes  of  which  have  been  mapped.  Among  these  is 
Beaver  Mountain,  about  3,000  feet  in  height,  occupying  the  northeast  side  of  the  area  here 
considered.  Hetta  Inlet  is  for  the  most  part  bordered  by  steep  slopes  that  rise  directly  from 
the  water  or  from  a  narrow  rocky  beach.  Only  at  the  mouths  of  the  larger  streams,  like  Porl^ 
age,  Eeynolds,  and  Hetta  creeks,  are  there  any  flats,  and  these  are  of  small  extent. 

The  drainageways  are  arranged  radially,  their  heads  centering  around  the  higher  peaks. 
The  valleys  have  steep  slopes  and  their  upper  parts  have  high  gradients.  Practically  none  of 
the  valleys  exceed  2  miles  in  length.  Lakes  are  plentiful  and  occur  at  many  altitudes,  occupy- 
ing basins  from  100  to  nearly  2,000  feet  above  sea  level.  The  larger  of  these  are  Hetta  Lake, 
in  the  southern  part  of  the  area,  and  Lake  MeUen,  Summit  Lake,  and  Lake  Josephine,  in  the 
central  part.  These  lakes  are  of  glacial  origin.  The  heads  of  the  valleys  lie  in  amphitheater- 
like  basins  or  glacial  cirques,  especially  those  on  the  northwest  slopes  of  the  mountains.  Typical 
glacial  cirques  occur  in  Jumbo  Basin,  at  the  head  of  Jumbo  Valley  (see  PI.  Ill,  A),  and  in 
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A.     VIEW    NEAR     HEAD    OF    HETTA    INLET. 
Showing  site  of  town  of  Sulzer  and  the  character  of  the  forests. 


B.     COPPER    MOUNTAIN    AND    JUMBO     BASIN. 
Showing  mine  workings  and  general  features  of  the  geology  of  the  mountain.      Photograph  by  Winter  II  Pond. 


U.   S.  GEOLOGICAL  SURVEY 


PROFESSIONAL  PAPER  87     PLATE  IV 


A.    GPIEEN     M0N6TER     MOUNTAIN     FROM    SOUTH    SIDE    OF 
SUMMIT    LAKE. 

Photograph  by  Winter  &  Pond. 


B.     HETTA    INLET    LOOKING    SOUTHWARD    FROM    COPPER     MOUNTAIN. 
Copper  Harbor  in  the  foreground.      Photograph  by  Winter  &.  Pond. 
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Hetta  Basin,  at  the  head  of  Wright  Creek.  The  glacial  character  of  the  topographic  sculpture 
in  the  area  is  further  manifested  by  the  occurrence  of  bowlders  and  gravel  wash  in  the  lower 
parts  of  the  valleys  and  by  glacial  markings  on  some  of  the  granite  knobs. 

The  mountain  slopes  are  covered  witli  a  luxuriant  growth  of  timber  and  underbrush  up  to 
an  elevation  of  2,000  feet,  the  timber  being  useful  to  the  mine  operator,  though  the  underbrush 
renders  prospecting  difficult.  (See  PI.  Ill,  A.)  The  mountain  lakes  form  large  reservoirs 
which  may  furnish  a  supply  of  water  for  use  in  both  mining  and  smelting. 

A  broad  valley  extending  eastward  from  the  head  of  Hetta  Inlet  and  connecting  by  a  low 
pass  with  a  stream  flowing  into  the  head  of  Cholmondeley  Sound  furnishes  a  route  of  communi- 
cation between  the  western  and  the  eastern  parts  of  the  island.  A  wagon  road  about  4  miles 
long  has  been  built  across  this  pass. 

GE01.0GY. 

GENERAL    FEATURES. 

The  general  geology  and  mineral  resources  of  this  area  have  been  briefly  described  in 
previous  reports,^  but  a  more  detailed  statement  concerning  the  geology  and  ore  deposits  will 
be  given  here.  The  most  striking  geologic  feature  of  the  area  is  the  irregular  granitic  intrusive 
mass  that  occupies  its  central  part.  (See  PI.  V.)  From  this  mass  spurs  or  dikes  300  to  600 
feet  wide  diverge  into  the  surrounding  series  of  metamorphic  schists  and  the  interstratified 
•  beds  of  Umestone.  The  schists  are  much  WTinkled  and  sheared  and  include  both  calcareous 
and  siliceous  varieties,  and  the  limestones  are  generally  marmarized.  The  rocks  nearer  the 
intrusive  contact  are  further  altered  to  a  hornfels  or  amphibolite,  which  is  usually  banded 
with  parallel  beds  containing  much  garnet  and  diopside.  The  principal  limestone  belt  extends 
from  Copper  Harbor  northwestward  into  Jumbo  Basin,  and  another  belt  occurs  on  Green 
Monster  Moimtain  (see  PI.  IV,  A)  and  Hetta  Mountain.  Narrow  bands  of  schist  are  inter- 
stratified with  these  limestones,  and  in  turn  narrow  bods  of  limestone  are  interstratified  with 
the  schists.  Southwest  of  the  main  limestone  belt  on  the  west  slope  of  Copper  Mountain  the 
limestone  is  overlain  by  a  considerable  thickness  of  altered  siliceous  schists,  which  lie  conform- 
ably on  the  limestone  and  grade  upward  into  a  succession  of  amphibole  and  chlorite  schists 
that  are  interstratified  with  quartzites  and  show  no  Umestone.  These  chlorite  and  amphi- 
bole scliists  are  interstratified  with  quartzites,  slates,  and  here  and  there  beds  of  a  massive 
greenstone  that  probably  represents  an  ancient  lava.  They  border  the  east  and  west  shores 
of  Hetta  Inlet  (see  PI.  IV,  B)  and  are  the  most  recent  bedded  rocks  in  the  area. 

SEDIMENTARY    ROCKS. 

The  sedimentary  rocks  within  the  Copper  Mountain  area  are,  as  already  noted,  made  up 
of  highly  metamorphosed  schists  and  limestones,  probably  chiefly  of  Paleozoic  age  (Carbonifer- 
ous?). They  occupy  a  steeply  tilted  position  surrounding  the  granitic  intrusive  mass.  These 
stratified  rocks  fall  into  two  divisions — a  lower,  made  up  of  metamorphic  schists  and  lime- 
stones, and  an  upper,  made  up  of  volcanics  with  some  elastics.  The  distribution  of  these 
rocks  is  indicated  on  the  geologic  map.     (See  PI.  V.) 


The  oldest  rocks  of  the  Copper  Mountain  area  are  made  up  of  metamorphosed  schists 
composed  largely  of  sedimentary  material,  though  in  places  they  include  tufiaceous  material 
and  extensive  limestone  beds.  These  rocks  surround  the  granitic  intrusive  masses  and  are 
important  because  of  their  relations  to  and  influence  on  the  ore  deposits. 

The  schists  are  for  the  most  part  fine  gi'ained  and  crystalline,  with  amphibole,  mica,  and 
quartz   as  their  principal  mineral  constituents,  though  in  some  feldspar,  calcite,  or  chlorite 

I  Brooks,  A.  H.,  Preliminary  report  on  the  Ketchikan  mining  district,  Alaska,  with  an  introductory  sketch  of  southeastern  Alaska:  U.  S. 
Geol.  Surrey  Prof.  Paper  1,  1902.  Brooks,  A.  H.,  and  others,  Report  on  progress  of  investigations  of  mineral  resoiurces  of  Alaska  in  1903:  U.  S. 
Geol.  Siu-vey  Dull.  284, 1906;  Report  on  progress  of  investigations  of  mineral  resources  of  Alaska  in  1906:  U.  S.  Geol.  Survey  Bull.  314, 1907;  Min- 
eral resources  of  Alaska  (report  on  progress  of  investigations  in  1907):  U.  S.  Geol.  Survey  Bull.  345, 1908;  Mineral  resources  of  .\laska  (report  on 
progress  of  investigations  in  1908):   U.  S.  Geol.  Survey  Bull.  379, 1909. 
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ma.v  predouainate,  and  at  points  near  the  granitic  intrusives  they  are  composed  ossentially  of 
garnet,  epidote,  or  diopside,  with  quartz  and  some  magnetite  or  pyrite.  Certain  strata  consist 
of  carbonaceous,  argillaceous  schists  with  local  development  of  graphite;  phylUtes  also  occur. 
Some  of  the  specimens  collected  resemble  a  biotite  gneiss;  they  are  massive,  though  much 
wrinkled,  and  from  the  hand  specimens  their  origin  is  difficult  to  determine.  Calcareous  bands 
occur  in  these  more  gneissic  schists,  and  on  their  weathered  surface  are  projecting  ribs  of  biotite 
with  some  quartz. 

These  rocks  are  presumably  derived  for  the  most  part  by  alteration  from  argillaceous  and 
calcareous  sediments  that  have  been  largely  crystallized  by  intense  metamorphic  action,  though 
some  of  the  schistose  strata  may  represent  metamorphosed  igneous  rocks  of  volcanic  origin. 

LIMESTONES. 

TMchnesn  and  characfer. — Beds  of  altered  limestone  are  interstratified  with  the  schists  and 
evidently  belong  to  the  same  period  of  deposition.  These  beds  range  in  tliickness  from  less 
than  100  feet  to  more  than  1,000  feet.  The  Mmestone  varies  from  a  white,  coarse,  crystaUine 
marble  to  a  dark-blue  to  nearly  black,  in  places  finely  crystalhne  to  granular  though  locally  thin- 
bedded  and  slaty  limestone.  This  change  in  appearance  is  due  not  so  much  to  a  change  in 
composition  as  to  a  change  in  alteration  or  crystallization,  this  being  in  part  attributable  to 
contact  metamorphism  caused  by  the  granitic  intrusives  and  in  part  to  regional  metamorphism. 

In  the  hand  specimen  the  crystalhzed  limestone  is  white  with  occasional  gray  patches, 
granular  in  texture  (average  granularity  about  1  milhmeter),  and  consists  almost  entirely  of 
calcite.  Under  the  microscope  it  appears  to  be  composed  almost  exclusively  of  hme  carbouate, 
with  rarely  a  speck  of  magnetite.     The  carbonate  is  evenly  granular  and  intricately  twinned. 

This  rock  is  the  country  rock  into  which  the  granodiorite  of  the  Jumbo  property  is  intruded 
and  along  the  narrow  margin  of  which  the  copper-bearing  contact  deposits  have  been  formed. 
An  analysis  of  the  hmestone  from  this  mine,  by  George  Steiger,  is  as  follows : 

Analysis  of  limestone  from.  Jumbo  mine. 

SiO, 0.61 

AlA 30 

Fe,03 48 

MgO 8- 00 

CaO 4G.  45 

H,0 22 

CO2 44.07 

S 06 

MnO 03 

100.  22 

Occurrence. — These  schists  and  limestones  form  a  nearly  continuous  belt  around  the  granitic 
mass  which  occupies  the  central  portion  of  the  area.  In  places  the  hmestone  members  are  at  the 
contact,  though  in  general  the  schists  border  the  intrusive  mass.  The  total  tliickness  of  these 
rocks  is  difficult  to  determine  because  of  the  folding  and  compression  to  wliich  the  rocks  have 
been  subjected,  but  it  is  probably  5,000  feet  or  more.  In  Jumbo  Basin  a  wide  mass  of  scliist  and 
limestone,  which  also  extends  southward  over  Copper  Mountain,  is  completely  surrounded  by 
the  intrusive  rock.  Tongues  and  small  masses  of  the  granitic  rock  are  surrounded  by  the 
schists.  Near  the  intrusive  contact  in  the  upper  part  of  Jumbo  Basin  the  Mmestones  are  mar- 
marized  and  the  schists  are  siUcified  or  garnetized,  whereas  lower  in  the  vaUey,  at  points  away 
from  the  contact,  the  hmestone  is  a  blue,  finely  crystalline  rock  and  the  scliists  are  more  argilla- 
ceous and  slaty.  On  the  shore  of  Hetta  Inlet  opposite  Gould  Island  and  on  the  mountain 
slopes  the  schists  and  hmestones  are  highly  altered  and  are  crosscut  by  granitic  and  pegmatitic 
dikes.  They  have  a  general  east  to  northeast  trend,  approximately  parallel  to  that  of  the 
intrusive  contact.  Some  of  the  strata  are  minerahzed  with  pyrite  and  contain  also  some 
chalcojiyrite.     In  places  they  are  much  wrinkled  and  resemble  gneissoid  rocks.     On  Green 
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Monster  Mountain  and  along  the  ridge  just  north  of  it  the  scliists  antl  limestones  form  narrow 
interstratified  belts,  50  to  500,  feet  wide,  striking  in  a  west  to  northwest  direction,  nearly  at 
right  angles  to  the  intrusive  contact.  The  limestones  are  marmaiized  though  somewhat 
siliceous,  and  the  dominating  schist  is  a  brown  mica-quartz  schist,  much  wrinkled  and  con- 
taining quartz  seams.  On  the  south  side  of  Summit  Lake  a  belt  of  altered  schist  about  300 
feet  wide  is  included  in  the  granite.  This  belt  strikes  southwest  and  has  a  nearly  vertical  dip. 
It  is  almost  entirely  altered  to  contact  rock,  its  original  scliistose  structure  having  nearly  dis- 
appeared, but  it  shows  a  distinct  Ijanding  of  the  araphiboles  and  mica,  and  the  adjacent 
granite  includes  fragments  wliich  may  have  l)een  derived  from  the  schist. 

The  basic  amphibole  scliists  and  the  siUceous  mica  schists  both  occur  on  Hetta  Mountain 
an<l  along  the  southern  contact  of  the  intrusive  mass,  the  former  on  the  east  slope  and  the 
latter  on  the  west  slope.  The  schistosity  is  nearly  at  right  angles  to  the  intrusive  contact  and 
the  schists  appear  to  be  more  compact  and  show  more  wrinkling  than  at  the  points  where  they 
lie  parallel  with  the  mtrusive  contact. 

The  limestone  that  forms  a  belt  near  Hetta  Mountain  is  a  wliite  to  bluish  crystalline  rock 
and  is  cut  by  several  granitic  dikes. 

Age. — These  limestones  and  schists  resemble  both  stratigrapliically  and  petrographically 
the  metamorpliic  rocks  adjacent  to  the  Coast  Range  bathoHths  along  the  seaward  side  of  the 
mauiland.  (See  p.  16.)  The  rocks  bordering  the  mainland  have  been  described  as  the  Ketchi- 
kan series  by  Brooks  and  as  the  schist  band  by  Spencer.  Fossils  fouml  in  the  mainland  belt 
of  lunestones  indicate  that  they  include  Carboniferous  and  probably  some  ^Icsozoic  strata. 

Structure. — Cleavage  is  usually  wcU  developed  in  the  schists  where  they  contain  consider- 
able ampMbole  or  mica.  The  more  siliceous  beds  and  those  near  the  contact  of  granitic  Lntru- 
sives  that  contain  infiltrations  of  garnet,  diopside,  or  epidote,  and  also  the  limestones,  do  not 
show  tliis  pronounced  cleavage  but  in  places  show  cleavage  at  right  angles  to  the  bedding. 
It  is  noteworthy  that  the  hues  of  schistosity  correspond  to  those  of  the  bedding,  a  fact  that  is 
made  evident  by  the  occurrence  of  the  interstratified  limestone  beds.  The  stratification  of 
these  bedded  rocks  is  indicated  at  many  points  on  the  geologic  map  by  symbols  indicatmg 
strike  and  dip.  It  is  clear  that  the  present  structure  is  in  large  measiu-e  due  to  the  influence 
of  the  intruded  granitic  mass.  The  beds  farther  south  strike  northwestward,  at  right  angles 
to  the  granite  contact,  though  those  on  the  west  and  east  sides  of  the  granite  mass  are  parallel 
to  the  contact  both  m  strike  and  dip,  as  are  some  of  those  on  the  north  side  of  the  main  intrusive 
mass,  where  the  beddetl  rocks  have  an  east-west  strike  and  almost  vertical  dip,  and  occupy  a 
position  between  two  main  granitic  masses.     (See  PI.  VI,  A.) 

Metamorphism. — The  alteration  of  these  rocks  to  erystaUine  scliists  is  ordinarily  attributed 
to  regional  nietamorpliism,  which  is  supposed  to  have  been  produced  by  moimtain-ljuilding 
forces  operating  when  the  rocks  were  deeply  buried.  It  is  probable  that  the  general  meta- 
morpMsm  was  effected  at  an  earlier  date  than  that  of  the  granitic  intrusion,  though  a  con- 
siderable amount  of  metamorphism  may  be  attributable  to  the  intrusion  of  the  granitic  masses. 
The  alterations  due  to  contact  metamorphism  are  considered  elsewhere  m  this  report. 

GREENSTONE   SCHISTS. 

Character. — The  succeeding  strata  differ  somewhat  both  in  composition  and  origin,  but 
are  principally  greenstone  schists  composed  largely  of  igneous  material  mterbedded  with 
some  siliceous  sedimentary  material.  They  consist  of  ampliibole  and  chlorite  schists  and 
quartzites.  and  contain,  in  places,  argillaceous  interstratified  beds  of  phylUte  and  grapliitic 
schists. 

The  greenstone  scliists  probably  represent  altered  andesite  or  diabase  tuffs  and  lavas. 
Then  component  minerals,  most  of  which  are  secondary,  are  in  the  main  amphibole,  altered 
plagioclase  feldspar,  epidote,  chlorite,  calcite,  quartz,  and  magnetite.  The  original  plagioclase 
feldspar  is  generally  altered  to  zoisite  and  muscovite  and  the  pyroxenes  are  changed  to  amphi- 
bole. The  microscope  shows  that  the  less  altered  greenstone  schists  were  derived  from  an 
igneous  rock,  probably  an  augite  andesite.     The  augite,  however,  is  represented  by  amphibole 
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that  occm-s  iii  minute  needles.  The  minoi'als  differ  in  amount  in  different  strata  and  the  rock 
may  be  called  ampUbole  schist,  actinohte  scliist,  chlorite  schist,  calcareous  schist,  or  siliceous 
schist,  its  designation  depending  on  its  mineral  composition. 

These  greenstone  schists  grade  without  definite  boundaries  into  a  rock  composed  partly  of 
igneous  and  partly  of  sedimentary  material,  and  this  in  turn  grades  into  a  quartzite  or  a  siliceous 
argillite,  composed  mainly  of  sedimentary  material.  The  intercalation  of  the  greenstone  schists 
with  the  sedimentary  beds  suggests  that  they  represent  extrusives  of  igneous  material  thrown 
out  over  the  sea  bottom  as  volcanic  tuff  and  in  some  places  as  a  lava  bed. 

Included  quartzite. — The  sedimentary  beds  interstratified  with  the  greenstone  schists  are 
indurated,  fine-grained  to  aphanitic  rocks,  in  places  showing  banded  layers,  and  ranging  in 
color  from  light  gray  to  dark  green.  They  usually  contain  pyrite  and  weather  brown  on  the 
surface.  They  do  not  break  easily  along  the  bedding  planes  but  fracture  more  readily  along 
joint  cracks,  breaking  at  right  angles  to  the  bedding. 

Occurrence. — The  greenstone  schists  border  both  sides  of  the  main  northwest  channel  of 
Hetta  Inlet,  but  do  not  extend  along  its  eastern  branch.  ( See  PI.  I.)  On  the  west  slope  of  Copper 
Mountain  they  extend  to  an  elevation  of  about  1,000  feet,  where  the  interstratified  greenstone 
schist  members  gradually  disappear  and  the  quartz-mica  scliists  of  the  older  series  are  found. 
No  sharp  line  of  demarcation  can  be  drawn  between  these  two  formations,  and  the  division  is 
made  where  the  greenstone  volcanic  material  ceases  to  occur  in  the  stratified  rocks. 

Near  the  shore  line  at  the  foot  of  Copper  Mountain  certain  strata  of  the  greenstone  schists 
have  a  bleached  appearance  and  are  of  a  pale-green  color.  These  rocks  contain  both  pyrite 
and  chalcopyrite  as  well  as  quartz  stmigers  and  kidneys  of  quartz  and  calcite.  In  places  these 
minerahzed  strata  contaiif  large  amounts  of  copper. 

Age. — The  greenstones  and  associated  sediments  of  the  Copper  Mountain  area  resemble 
lithologicaUy  the  rocks  of  the  mainland  belt  already  described  (p.  16).  Here,  however,  the 
quartzites  dominate  over  the  slates.  As  in  the  mainland  belt,  the  greenstones  are  closely 
associated  with  limestones  that  are  believed  to  be  of  Carboniferous  age.  In  the  Copper  Mountain 
region,  however,  they  are  clearly  younger  than  the  limestones.  The  slate,  graywacke,  and  green- 
stone belt  of  the  mainland  is  in  part,  at  least,  Mesozoic,  and  in  the  absence  of  evidence  to  the 
contrary  it  is  therefore  fair  to  assume  that  the  greenstones  of  Copper  Mountain  are  also  of 
Mesozoic  age. 

Structure. — The  structure  of  the  greenstones  is  much  simpler  than  that  of  the  older  schists 
and  limestones.  These  rocks  strike  north  to  northwest  and  dip  NE.  30°  to  75°.  On  the 
east  shore  of  Hetta  Inlet  the  dip  is  usually  1.5°  to  30°  less  than  along  the  west  shore.  They 
overUe  the  metamorphic  schists  with  apparent  conformity.  They  show  prominent  jointing 
planes,  especially  along  the  west  shore  of  Hetta  Inlet,  and  these  strike  in  general  from  N.  75° 
W.  to  N.  75°  E.,  nearty  at  right  angles  to  the  schistosity,  though  their  dip  is  almost  vertical. 
Dikes  of  diabase  and  basalt,  cutting  the  greenstones  and  invariably  following  the  direction 
of  the  jointing  planes,  are  common. 

Metamorphism. — The  metamorphism  of  the  greenstones  is  similar  to  but  less  intense  than 
that  of  the  schists  and  limestones  already  described.  It  was  doubtless  produced  by  the  same 
forces  and  during  tlie  same  periods.  The  associated  sedimentary  rocks  were  originally  sand- 
stones, shales,  and  tuffs,  more  or  less  intermixed.  The  sandstones  have  been  changed  to 
quartzite,  the  shales  to  carbonaceous  and  sericitic  schists,  and  the  tuffs  to  chlorite  schists,  and 
just  as  these  originally  sedimentary  rock  beds  graded  one  into  the  other  so  do  their  metamorphic 
representatives.  The  metamorphic  processes  that  effected  these  changes  caused  a  breaking  up 
of  the  original  minerals  into  secondary  minerals,  such  as  the  alteration  of  feldspar  to  kaolin  and 
sericite  and  of  hornblende  and  pyroxene  to  chlorite,  serpentine,  calcite,  and  quartz.  The 
combination  of  these  minerals  by  metamorphism  forms  other  minerals,  such  as  andalusite  and 
staurolite,  but  such  occurrences  were  rarely  noted  in  the  Copper  Mountain  area. 
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A.    SILICEOUS    SCHISTS    ON     MOUNTAIN     SIDE    BELOW    NEW    YORK    CLAIM. 

Showing  basic  dike  crosscutting  the  schists.     Elevation,  2,500  feet. 


S-    CONTACT    ORE    DEPOSIT    ON    NEW    YORK    CLAIM,    COPPER    MOUNTAIN. 
Crystalline  limestone  on  right;   altered  granitic  intrusive  rock  on  left. 
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IGNEOUS    ROCKS. 
GENERAL  FEATURES. 


The  detailed  petrographic  and  microscopic  study  of  the  igneous  and  contact  rocks  of  this 
region  was  kindly  undertaken  for  the  writer  by  Dr.  H.  E.  Merwin,  of  the  Geophysical  Laboratory 
of  the  Carnegie  Institution  of  Washington.  Th(>.  results  of  Dr.  Merwin's  investigations  are 
given  in  detail  in  this  report. 

Coarse-grained  massive  igneous  rocks,  occurring  as  batholiths,  occupy  nearly  half  the 
surface  of  the  Copper  Mountain  area.  Collectively  these  rocks  are  commonly  called  granite, 
and  they  have  all  been  mapped  in  one  color  under  the  name  of  "granitic  intrusives."  They 
comprise,  however,  rocks  of  several  types,  which  differ  widely  in  composition,  and  in  some 
places  a  change  in  mineral  components  was  noted  from  part  to  part  of  the  same  mass.  These 
granitic  intrusive  rocks  form  the  most  important  geologic  feature  in  the  area,  principally 
because  the  main  ore  deposits  are  found  at  their  contacts  and  were  formed  at  the  time  of  their 
intrusion.  The  relations  of  these  intrusives  to  the  ore  deposits  and  the  phenomena  observed  at 
the  contacts  are  discussed  at  length  in  tliis  report. 

Other  intrusive  rocks  of  minor  extent  occur  within  the  area  in  the  form  of  dikes.  These 
dike  rocks  include  gi'anite  porphyi-y,  diorite  porph\Ty,  pegmatite,  aphte,  lamprophyre,  diabase, 
and  basalt. 

GRANITIC  INTRUSIVES. 


The  bathohth  rock  masses  in  the  Copper  Mountain  area  include  gi'anitic  intrusives  of 
several  distinct  types,  their  differences  depending  largely  on  the  proportions  of  their  component 
minerals.  The  factor  of  greatest  influence  in  determining  the  rock  type  is  the  presence  and 
proportion  of  orthoclase  feldspar.  Tlie  main  type  is  a  diorite,  though  the  proportion  of  ortho- 
clase  may  increase  in  different  parts  of  the  same  bathoUthic  intinisive  mass,  and  the  rock  must 
then  be  classed  as  monzonite  or,  where  orthoclase  dominates  the  rock,  as  syenite.  No  well- 
defined  lines  can  be  drawn  between  such  variations  of  the  rock  type;  it  is  possible  to  recognize 
them  only  by  microscopic  study  of  specimens. 

These  rocks  include  few  true  granites,  as  the  proportion  of  quartz  they  contain  is  generally 
small.  A  basic  type  of  the  granitic  intnisives  is  represented  by  the  gabbros  that  form  some  of 
the  smaller  batholithic  masses.  The  distinctions  between  the  different  rock  types  are  emphasized 
in  the  petrographic  descriptions. 

DIOEITE. 

The  diorite  is  a  coarse  to  medium  grained  rock,  light  to  dark  gray  in  color,  made  up  essen- 
tially of  plagioclase  feldspar  and  hornblende,  though  in  places  containing  biotite  and  occasionally 
pyroxene,  as  well  as  small  amounts  of  orthoclase  and  some  quartz,  magnetite,  titanite,  and 
apatite.  The  central  portions  of  the  diorite  bathohths  are  rather  imiform  in  composition  and 
texture,  though  near  the  contact  they  become  less  uniform  in  color  and  are  marked  by  dark 
spots,  most  of  wliich  are  segregations  of  hornblende,  and  in  places  they  are  traversed  by  veins 
of  pegmatite.  A  type  specimen  of  the  diorite  (specimen  J  4)  collected  in  Jumbo  Basin  near 
the  mine  on  Jumbo  No.  4  claim,  though  far  enough  back  from  the  contact  to  be  free  from  all 
secondary  alteration,  is  described  below. 

The  type  specimens  of  diorite  were  collected  principaUj*  from  Jmnbo  Basin  (specimens  662, 
645  to  649)  and  Beaver  Mountain  (specimens  39  and  37).  They  include  both  hornblende  diorite 
and  augite  diorite,  which  in  appearance  are  practically  the  same  as  the  granodiorite.  Rocks  of 
these  two  types  make  up  the  greater  part  of  the  granitic  intrusives,  and  it  is  not  possible  to 
define  them  separately  as  regards  their  distribution,  as  the  one  evidently  grades  into  the  other. 

Tlie  microscopic  petrography  of  these  rocks  is  described  below  by  Dr.  H.  E.  Merwin. 

Specimen  J  4 :  A  granitoid  rock  of  medium  grain,  containing  about  the  following  percentages 
of  essential  mineral  constituents:  Quartz,   10;  plagioclase,  50;  orthoclase,  30;  hornblende,  5; 
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augite,  5 ;  and  small  amounts  of  accessory  biotite,  apatite,  titanite,  and  magnetite.  The  plagio- 
clase  ranges  from  labradorite  to  oligoclase,  averaging  about  AbjAnj.  The  central,  more  calcic 
zones  are  altered  to  epidote. 

An  analysis  of  the  rock  by  George  Steiger  and  a  calculation  of  the  normative  mineral 
composition  is  as  follows : 

Analysis  of  specimen  of  diorite  from  Jumbo  Basin. 


SiO, 59-44 

AlA i'-40 

FeA 

FeO 

MgO 

CaO 


3.30 

2. 77 

L81 

6.51 

Na,0 4.22 

3. 12 

06 

56 


H2O-. 
H2O+- 


TiO, 0.  66 

ZrOj None. 

COo None. 


PA- 

S..... 
MnO. 
BaO.. 
SrO.. 


.28 
.02 
.17 
.07 
.05 


Mineral  composition  of  specimen  of  diorite  from  Jumbo  Basin. 

Quartz 8.94    Magnetite 4.87 

Orthoclase 18.  35    Ilmenite 1.  37 

Albite 35.  63    Apatite 67 

Anorthite 19.46    (Water) 62 

Diopside 8.  68 

Hypersthene 1.93  100,52 

It  is  evident  that  the  smgle  shde  exammed  did  not  closely  represent  the  rock  analyzed, 
particularly  in  respect  to  the  proportion  of  normative  orthoclase  and  plagioclase.  It  should 
be  borne  in  mind,  however,  that  the  amount  of  orthoclase  in  a  rock  may  be  considerably  greater 
than  the  amomit  of  piu-e  potassium  feldspar,  on  account  of  the  albite  which  may  be  held  in 
soUd  solution.     The  normative  composition  places  the  rock  in  the  group  andose. 

Specunen  662.  Collected  from  main  intrusive  mass  on  trail  500  feet  below  head  of  aerial 
tram,  Jumbo  Basin. 

A  granitic  rock  of  mecUum-grained  textiu-e  and  greenish-gray  color.  It  consists  of  plagio- 
clase, pyroxene,  and  biotite,  the  dai-k-colored  constituents  composing  35  to  40  per  cent  of  the 
rock.  In  the  thin  section  the  plagioclase  appeai-s  in  anhech-al  grains  zoned  and  twinned.  It 
averages  about  AbjT^i  in  composition,  ranging  from  ohgoclase  to  labradorite.  The  pyroxene 
is  in  subhech-al  grains,  nearly  colorless  except  in  uraUtized  areas,  where  it  is  greenish.  Small 
grains  of  plagioclase  are  included  in  the  pyroxene,  which  constitutes  about  30  per  cent  of  the 
rock  and  is  essentially  augite,  but  includes  some  diopside.  About  5  per  cent  of  interstitial 
orthoclase  is  present.  Accessory  minerals  are  biotite,  quartz,  magnetite,  and  apatite  in  rela- 
tively lai-ge  prisms;  also  titanite. 

The  rock  is  an  augite  diorite. 

Specimen  8.  Collected  from  bj-anch  of  mam  intiiisive  mass  on  south  side  of  Jimibo  Basin  at 
an  elevation  of  2,500  feet. 

Both  in  the  hand  specimen  and  in  the  thin  section  this  rock  resembles  specimen  662, 
collected  from  the  maiji  intrusive  mass  of  Jimibo  Basin,  but  it  is  slightly  finer  grained  and 
contains  zircon. 

Specimen  643.  Collected  from  main  intrusive  mass  northeast  of  head  of  aerial  tram  in  Jumbo 
Basin  at  an  altitude  of  600  feet. 

Tliis  rock  is  mechum  grained,  light  gray,  and  consists  of  plagioclase  and  hornblende  and 
small  amounts  of  orthoclase,  quaj'tz,  pyroxene,  and  titanite.  The  plagioclase  is  zoned  andesine, 
and  constitutes  60  per  cent  of  the  rock.  The  honiblende  is  pleociu-oic  in  bright  gre«ns  and 
light  yellows  and  some  of  it  contains  irregular  kernels  of  tliopside.  Quartz  is  a  very  minor  con- 
stituent. Orthoclase  is  abundant,  comprising  about  20  per  cent  of  the  rock.  The  accessory 
minerals  are  biotite,  magnetite,  apatite,  titanite,  and  zii-con. 
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The  rock  is  a  hornblende  tliorite  differing  from  the  precedhig  in  containhig  mucli  jnore 
orthoclase  and  hornblende  instead  of  augite. 

Specimen  39.  Collected  from  intrusive  mass  of  Beaver  Mountain  north  of  head  of  Portage 
Bay  at  an  elevation  of  1^000  feet. 

A  gray  givanitic  rock  of  mediimi  gram,  showing  plagioclase  ami  much  hornblende  and  ortho- 
clase. Tlie  slide  contains  about  40  per  cent  of  zoned  oUgoclase  and  labradorite,  and  35  per  cent 
of  poikHitic  hornblende  inclosing  plagioclase,  apatite,  magnetite,  and  kernels  of  diopside.  It  is 
remarkably  pleochi-oic,  ranging  from  bright  gi-eenish  blue  to  Hght  yellow-brown  and  deep  brown. 
It  contains  15  per  cent  of  interstitial  orthoclase.  The  accessory  minerals,  which  amomit  to 
about  7  per  cent,  include  diopside,  biotite,  magnetite,  titanite,  and  apatite. 

Tliis  rock  is  a  hornblende  diorite. 

Specimen  37.  Collected  from  intriisive   mass  of  Beaver  Mountain,  at  head  of  Portage  Bay. 

This  diorite  is  similaa-  in  appeswance  to  specimen  39,  though  it  includes  lai^er  flakes  of 
biotite  and,  as  seen  in  the  thin  section,  less  hornblende,  in  place  of  wMch  it  contains  from  5  to 
10  per  cent  of  diopside  and  augite.  It  carries  also  more  orthoclase,  containing  at  least  25  per 
cent. 

GRANODIORITE. 

Tlie  gi-anodiorite  is  a  medium  to  coai-se  grained  hyiwiliomorphic  hght-gray  rock  composed 
essentially  of  oligoclase  feldspar,  quai-tz,  orthoclase,  and  hornblende  or  biotite.  Common  acces- 
sory minerals  ai-e  pyroxene,  titanite,  apatite,  and  magnetite. 

Type  specimens  of  the  gi-anodiorite  were  collected  from  the  main  intrusive  mass  along  the 
shore  of  Mellen  (specimen  133)  and  Simimit  lakes  and  from  adjacent  bathohthic  masses  on  the 
shore  of  Hetta  Lake  (specimen  127)  and  on  Green  Monster  Momitain  (specimen  677).  At  these 
localities  the  rock  is  practically  fresh,  showing  little  or  no  development  of  secondary  nunerals. 
In  composition  it  is  apparently  uniform  and  shows  little  or  no  segregation  of  minerals. 

Tlie  microscopic  petrograpliy  of  the  specimens  was  studied  by  Dr.  H.  E.  Merwin  and  is 
described  below. 

Specimen  133.  Collected  from  msiin  intrusive  mass  at  point  on  north  side  of  Lake  Mellen. 
The  hand  specimen  is  mecUum  grained,  grayish,  and  contains  well-formed  prismatic  crystals  of 
honiblende  and  much  plagioclase;  also  some  quartz  and  orthoclase.  Under  the  microscope 
the  rock  shows  about  60  per  cent  plagioclase  in  subhedral  crystals  polysynthetically  twinned  and 
zoned.  The  composition  of  the  zones  varies  from  albite  to  andesbie.  The  hornblende,  the  other 
chief  constituent,  is  hght  yellow  to  deep  green  and  contauis  inclusions  of  plagioclase,  titanite, 
apatite,  and  magnetite.  About  10  per  cent  each  of  quiirtz  and  orthoclase  occui-s  niters titially. 
Diopside  appears  as  an  accessory;  also  titanite,  magnetite,  and  apatite. 

Tlie  rock  is  a  hornblende  granodiorite. 

Specimen  127.  Collected  from  intrusive  mass  on  north  side  of  Hetta  Lake,  on  the  west  side 
of  the  peninsula. 

Tliis  rock  is  decidedly  coarse  gi-ained,  its  texture  being  due  in  pai-t  to  the  thstribution  of 
biotite.  Plagioclase,  quaitz,  and  orthoclase  are  the  hght-colored  constituents.  Many  of  the 
plagioclase  crystals  are  8  millimeters  in  length;  the  biotite  scales  are  4  milUmeters  in  diameter, 
and  the  grains  of  quartz  and  orthoclase  are  somewhat  smaller.  In  the  thin  section  the  aver- 
age of  the  plagioclase  is  basic  oligoclase  or  acidic  andesine,  and  the  crystals  are  decidedly  zoned. 
This  mineral  constitutes  about  60  per  cent  of  the  rock;  quartz,  20  per  cent ;  biotite,  15  per  cent; 
orthoclase,  5  per  cent.     The  accessory  minerals  are  apatite,  titanite,  and  magnetite. 

Tliis  rock  may  be  classed  as  a  biotite  granocUorite,  though  the  specimen  examined  contains 
little  orthoclase. 

Specimen  677.  Collected  from  center  of  small  mass  just  north  of  Green  Mountain. 

A  gray  medium-grained  granitoid  rock  which  in  the  hand  specimen  shows  as  essential  con- 
stituents plagioclase,  orthoclase,  quartz,  hornblende,  pyroxene,  and  subordinate  magnetite  and 
titanite.  In  the  thin  section  the  plagioclase  is  subhedral  and  shows  pronounced  zonal  struc- 
ture, the  zones  ranging  in  composition  from  ohgoclase  to  central  cores  of  labradorite,  which 
are  partly  altered  to  epidote.     The  plagioclase,  averaging  basic  ohgoclase,  constitutes  about 
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40  per  cent  of  the  rock.  Orthoclase,  with  some  microcline,  is  abundant,  constitutmg  as  much 
as  25  per  cent  of  the  shde  studied.  Conomon  hornblende  and  urahte  form  10  per  cent  of  the 
rock;  diopsidic  augite,  10  per  cent;  titanite,  2  per  cent;  and  apatite,  1  per  cent.  Interstitial 
quartz  forms  about  10  per  cent  of  the  rock. 

But  for  its  association  this  rock  might  be  classed  as  a  monzonite. 

SYBNITE. 

The  syenites  are  medium-grained  hght-gray  to  pale-pink  rocks  composed  essentially  of 
orthoclase  and  plagioclase  (oHgoclase  variety)  in  different  proportions,  with  hornblende  as  the 
principal  dark  mineral  and  pyroxene,  magnetite,  apatite,  and  titanite  as  accessories.  The  type 
of  rock  is  determmed  largely  by  the  amount  of  orthoclase  present  in  the  specimen.  Where  the 
proportion  of  orthoclase  is  much  less  than  that  of  plagioclase  the  rock  becomes  a  granodiorite 
or  diorite.     In  the  field  it  was  not  possible  to  recognize  these  distinctions. 

The  syenite  forms  a  part  of  the  bathohthic  masses  occurring  near  its  margiii  (specimens 
626  and  121).  It  is  also  found  in  outlying  dikes  and  in  tongues  branchmg  from  the  mam 
intrusive  masses  (specimen  128). 

Specimen  626.  Collected  at  point  near  contact  of  main  granitic  mass  1,000  feet  east  of 
Jumbo  No.  4  mine  at  an  elevation  of  3,000  feet. 

This  is  a  medium  to  fine  grained  granitic  rock  containmg  much  orthoclase,  some  pyroxene, 
plagioclase,  and  quartz.  The  visible  accessories  are  pyiite,  magnetite,  and  titanite.  Geometric 
analysis  under  the  microscope  shows  that  the  orthoclase  constitutes  75  per  cent  of  the  mass  of 
the  rock.  It  occui-s  ia  subhedral,  markedly  perthitic  crystals,  nearly  adjacent  crystals  being 
separated  by  a  narrow  band  of  quartz  and  plagioclase.  Plagioclase,  which  composes  5  per  cent 
of  the  rock,  occurs  in  deihiitely  bounded  crystals,  some  of  wliich  form  the  nuclei  of  orthoclase 
crystals.  The  plagioclase  is  zoned  and  twinned  according  to  both  the  Carlsbad  and  albite  laws. 
It  is  essentially  albite  and  ohgoclase.  The  quartz  is  entirely  interstitial  and  comprises  about 
10  per  cent  of  tlie  rock.  The  pyroxene,  diopside,  which  amounts  to  8  per  cent,  is  anliedral. 
Well-formed  apatite  crystals  are  both  included  in  and  adjacent  to  the  diopside. 

The  rock  is  a  potash  syenite. 

Specimen  121.  Collected  from  bluffs  in  creek  just  west  of  Lake  Mellen  at  contact  of  main 
intrusive  mass. 

This  is  a  gi-ayish  medium-grained  granitoid  rock,  which  in  the  hand  specimen  shows  ortho- 
clase, plagioclase,  and  hornblende.  In  thin  section  the  zoned  and  subhedral  plagioclase  was 
determined  to  be  albite  and  ohgoclase,  which  constitute  perhaps  50  per  cent  of  the  rock.  The 
orthoclase  is  intei-stitial  and  amounts  to  20  per  cent;  the  hornblende,  which  occurs  in  rough 
prisms,  forms  10  to  15  per  cent;  and  the  quartz  about  5  per  cent.  The  accessory  minerals  are 
pyroxene,  magnetite,  apatite,  and  titanite. 

The  rock  is  a  hornblende  syenite. 

Specimen  128.  Collected  from  dike  rock  cutting  schists  on  east  side  of  Hetta  Lake. 

This  is  a  hght-gi-ay  medium-gi'aiaed  rock  of  granitic  and  porphyritic  texture.  Orthoclase, 
some  plagioclase,  and  quartz,  together  with  small  amounts  of  hornblende  and  titanite,  are 
easily  distinguished  in  the  hand  specimen.  Plagioclase  (albite  and  acidic  ohgoclase)  composes 
about  50  per  cent  of  the  rock  and  occurs  in  large,  regularly  bounded  ci-ystals.  Interstitial 
orthoclase  constitutes  35  per  cent  of  the  rock.  Quartz  grams  are  plentiful,  makmg  up  15  per 
cent  of  the  rock.  Hornblende,  diopside,  biotite,  magnetite,  and  titanite  are  the  accessory 
minerals. 

This  rock  is  quartz  syenite. 

GABBRO. 

The  gabbros  are  made  up  of  the  more  basic  minerals,  largely  hornblende  and  pyroxene  with 
a  plagioclase  feldspar,  usually  labradorite,  and  httle  or  no  quartz,  and  thus  the  percentage  of 
sUica  is  lower  than  in  the  other  granitic  intrusivcs.  It  is  difficult  in  places  to  distinguish  tliis 
rock  from  the  diorite,  as  the  two  differ  mainly  in  the  variety  of  plagioclase  feldspar  they  contain. 
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The  gabbro  constitutes  some  of  the  smaller  batholithic  masses  occupying  areas  adjacent 
to  the  main  granitic  batholith  (specimens  45  and  98).  Another  type  of  gabbro  is  found  in  dikes 
that  cut  the  sedimentary  rocks,  but  these  dikes  belong  to  another  period  of  intrusion  and  are 
formed  of  a  coarse  phase  of  porphyi-ite  or  tliabase.  They  are  described  under  the  heading 
"Dike  rocks,"  on  page  39.     Dr.  Merwin's  petrographic  descriptions  foUow: 

Specimen  98.  Collected  from  small  intrusive  mass  three-fourths  mile  southwest  of  Hetta 
Mountain. 

This  is  a  dark-gray,  coarse-grained  rock  with  large  hornblende  prisms,  grauas  of  pyroxene, 
plagioclase,  and  magnetite.  The  dark  crystals  compose  nearly  70  per  cent  of  the  rock.  In 
thui  section  the  hornblende  is  seen  to  be  poikihtic,  including  crystals  of  plagioclase  and  pyroxene. 
In  certain  crystals  an  inner  zone  without  inclusions  has  a  gi-eenish  color.  The  other  minerals 
are  zonal  plagioclase  (labradorite),  wMch  compose  15  per  cent  of  the  rock;  mterstitial  ortho- 
clase,  formmg  7  per  cent;  and  greenish  pyroxene,  shghtly  uraHtized,  forming  10  per  cent.  Acces- 
sories are  magnetite,  apatite,  titanite,  and  some  biotite. 

The  rock  is  a  hornblende  gabbro. 

Specimen  45.  Collected  from  intrusive  mass  on  the  south  side  of  Portage  Bay  at  an  ele- 
vation of  500  feet. 

A  dark-gray,  medium-gi-ained  rock  containing  long  crystals  of  hornblende,  which  form 
the  gi-eater  part  of  it,  the  remainder  consisting  of  labradorite  (20  per  cent)  and  pyroxene  (10 
per  cent).     The  accessory  minerals  are  magnetite,  apatite,  titanite,  and  biotite. 

The  rock  is  a  hornblende  gabbro. 

DISTRIBTITION  OF  THE  IGNEOtTS  ROCKS. 

The  granitic  intrusives  constitute  the  core  of  the  mountain  mass  that  occupied  the  center 
of  the  area  indicated  on  the  map  as  composed  of  igneous  intrusives.  There  is  no  evidence 
that  this  bathohtliic  mass  represents  more  than  one  period  of  intrusion,  for  it  is  uniform  in 
character  throughout,  though  the  composition  of  the  rock  of  wliich  it  is  formed  is  variable.  In 
the  main  Copper  Mountain  and  Beaver  Mountain  masses  at  some  distance  from  the  contact  the 
prevailing  rock  is  uniform  in  grain  and  color  and  ranges  in  composition  from  granodiorite  to 
diorite.  Near  the  contact  orthoclase  occurs  locally  in  amounts  sufficiently  large  to  make  the 
rock  a  syenite.  Representative  specimens  of  the  syenite  were  collected  at  a  point  one-half 
mile  west  of  the  summit  of  Copper  Mountain,  near  the  border  of  the  Copper  Mountain  mass 
(specimen  626).  The  granodiorite,  as  is  shown  by  specimens  127  and  13.3,  forms  the  shore 
lines  of  Hetta  Lake,  Lake  Mellen,  and  Summit  Lake.  On  the  west  slope  of  Jumbo  Basin, 
between  Copper  Mountain  and  Mount  Jumbo,  the  diorite  dominates  (see  specimens  643  and 
662)  and  forms  steep  chffs,  locally  called  the  Palisades,  which  show  columnar  structure  due 
to  jointing  planes.  The  rocks  of  these  cliffs  are  noteworthy,,  as  the  dark  constituent  of  the  diorite 
in  their  upper  part  is  principally  augite,  whereas  near  the  contact  it  is  principally  hornblende. 
The  huge  blocks  of  diorite  that  have  fallen  from  these  chft's  would  make  good  buildhig  stone. 

STRTJCTTTRAL  FEATURES. 

The  main  structural  features  of  the  granitic  intrusives  observed  on  the  surface  exposures 
are  shown  on  the  areal  geologic  map,  and  their  probable  underground  extensions  are  shown  on 
geologic  cross  sections.  The  structural  relation  of  the  intruded  rocks  to  the  intrusives  has 
already  been  mentioned.  No  pronounced  structural  breaks  occur  mthui  the  granitic  intrusive 
masses.  The  joint  planes  foUow  two  principal  directions — northwest  and  northeast — and 
have  deeply  inclined  to  vertical  dips.  Near  the  borders  of  some  of  the  masses  arc  fractures 
filled  with  later  intrusive  dike  rocks  or  quartz-feldspar  veinlets.  Faults  of  structural  importance 
were  not  observed. 

The  joint  planes  and  fractures  near  the  borders  of  the  batholithic  masses  are  generally 
supposed  to  have  been  produced  by  forces  developed  when  the  magma  was  cooUng. 

The  underground  form  or  limit  of  the  bathohthic  mass  is  shown  by  the  attitude  of  its 
contact  surfaces,  which,  except  at  a  few  places,  chp  under  the  intruded  rocks  at  an  angle  of 


PLATE  Vn. 

A.  Altered  diorite  from  the  contact  zone  on  Jumbo  claim  No.  4.    The  granitic  texture  is  partly  preserved  though 

the  feldspars  are  altered  to  scapolite  and  the  amphiboles  to  diopside.  Tliroughout  the  rock  are  small  reflecting 
flakes  of  molybdenite,  which  are  represented  on  the  plate  by  the  small  white  specks,  d,  Altered  diorite; 
m,  molybdenite;  p,  pyrite. 

B.  Fragment  of  schist  from  Jumbo  claim  No.  1,  containing  abundant  pyrite,  pyrrhotite,  and  magnetite.     Such  frag- 

ments of  various  sizes  are  included  in  a  hornblende  diorite.  Many  of  the  fragments  are  bordered  by  narrow 
rims  (0.5  millimeter  wide),  which  appear  to  be  due  to  alteration  by  the  diorite.  d,  Diorite;  s,  metamorphosed 
schist;  con,  contact  of  included  schist,  poorly  defined,  owing  to  partial  absorption  by  igneous  rock. 

C.  Metamorphosed  schist  adjacent  to  granite  contact,  wliich  has  been  fractured  and  interstices  filled  with  feldspar, 

quartz,  and  garnet.  Specimen  from  Jumbo  claim  No.  1.  The  dark  schistose  bands  contain  plagioclase,  quartz, 
and  biotite.  The  dark  vein  contains  diopside  and  plagioclase.  The  Hght  patches  are  plagioclase  with  some 
quartz. 

D.  Altered  diorite  from  contact  zone  on  Jumbo  claim  No.  4.     This  specimen  shows  the  diorite  more  altered  than  in  A. 

Only  patches  of  the  granitic  rock  are  preserved,  surrounded  by  the  contact  rock,  which  is  made  up  essentially 
of  diopside  and  calcite  with  scattered  grains  of  chalcopyrite.  d,  Altered  diorite;  m,  molybdenite;  con,  contact 
rock  containing  scattered  grains  of  chalcopyrite. 
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about  70°.  The  relation  of  the  intruded  and  intruding  rocks  is  well  exposed  in  many  gulches  that 
traverse  the  contact,  the  granitic  rock  forming  the  bed  of  the  gulch  and  sc-liist  or  limestone  form- 
ing the  banks.  The  structure  of  the  intruded  rock  beds  apparently  had  httle  mfluence  on  or 
control  of  the  intrusion  of  the  main  masses,  for  the  intrusion  evidently  determined  the  present 
position  of  the  bedded  rocks.  The  larger  dimensions  of  most  of  the  smaller  granitic  masses, 
however,  he  in  the  bedding  planes  of  the  stratified  rocks. 

MARGINAL  PHENOMENA. 

The  margins  of  the  granitic  intrusives  show  various  noteworthy  phenomena.  The  margin 
of  the  main  granitic  mass  is  in  places  irregular,  forming  deep  bays,  whereas  at  other  points  it 
forms  nearly  straight  lines.  Wide  areas  of  the  intruded  schists  are  included  within  the  intrusive 
mass  and  tongues  of  the  intrusives  branch  out  into  the  schists.  At  the  margm  of  the  uitrusives 
there  are  many  included  fragments  of  the  intruded  rock  of  various  sizes,  ranging  from  minute 
pieces  to  masses  several  feet  in  diameter,  and  parts  of  some  of  these  appear  to  be  replaced  by 
minerals  that  compose  the  intrusive.  (See  PI.  VII.)  No  faulting  occurs  at  the  margin  of  the  intru- 
sive or  intruded  rock  and  only  small  disconnected  displacements  in  the  rocks  were  noted.  The 
intruded  schistose  beds  are  usually  bent  to  conform  with  the  contact  of  the  intrusive  masses, 
though  in  places  they  are  much  crinkled  and  squeezed  or  even  brecciated.  In  general,  however, 
it  may  be  assumed  that  the  intrusion  of  the  granitic  rocks  took  place  at  depths  below  the  zone 
of  faulting  and  fracturing,  where  the  rocks  were  under  pressure  so  great  that  they  were  very 
flexible.  At  certain  points,  however,  a  good  example  being  in  the  lower  tunnels  on  Jumbo 
No.  2  claim,  the  main  intrusive  mass  has  penetrated  an  area  of  brecciated  schists,  fiUing  the 
interstices  between  the  fragments  and  partly  replacing  them.  Such  phenomena  are  not  uncom- 
mon at  the  contacts  of  most  of  the  mtrusive  masses  in  southeastern  Alaska.  A  change  in  the 
composition  of  the  intrusive  rock  at  points  adjacent  to  ore-bearmg  zones  is  characteristic  of  the 
Copper  Mountain  area.  Near  the  immediate  contacts  of  the  intrusive  mass  at  these  places 
diopside  and  orthoclase  are  the  dominant  mineral  components,  and  scapoHte  or  woUastonite 
occiu's  in  abundance  between  the  intrusives  and  the  contact  rock. 


It  is  evident  that  the  granitic  intrusives  are  more  recent  than  the  greenstones,  which  are 
the  most  recent  bedded  rocks  in  the  Copper  Mountam  area.  The  intrusion  therefore  probably 
occurred  in  Mesozoic  time.  These  granitic  masses  are  similar  m  composition  and  character  to 
those  of  the  main  Coast  Range  belt  and  were  perhaps  intruded  during  the  same  period  of  igneous 
invasion.     Their  age  therefore  is  probably  late  Jurassic  or  early  Cretaceous. 

DIKE  B.OCES. 
PEGMATFTES   AND   APIJTES. 

Dike  rocks  composed  essentially  of  alkali,  feldspar,  and  quartz  occur  m  the  neighborhood 
of  the  large  granitic  masses.  Some  of  these  rocks  are  coaree  grained,  containing  large  crystals 
of  feldspar,  and  ai-e  classed  as  pegmatites;  others  are  fine  gramed  and  rather  uniform  in  texture 
and  are  classed  as  aplites.  Together  they  form  in  places  a  network  of  small  dikes  and  stringers 
within  a  zone  of  fractured  schists,  though  they  are  more  promment  as  separate  dikes  traversing 
the  granitic  intrusives.  The  rock  ua  some  dikes  appears  to  be  composed  essentially  of  quartz 
with  very  little  feldspar  and  epidote  and  some  garnet,  and  also  magnetite  and  pyrite.  These 
dike  rocks  are  readily  recognized  by  their  light  color,  granular  texture,  and  mode  of  occurrence. 

The  modes  of  formation  of  the  aplites  and  pegmatites  associated  with  the  batholithic 
intrusives  have  been  discussed  by  many  geologists,  and  the  intimate  relation  in  origui  between 
these  dikes  and  tlie  quartz  veins  and  ore  deposits  has  been  pointed  out  by  Spurr,'  Lindgren,^ 
and  Barrell.^     The  general  beUef  is  that  the  pegmatite  dikes  at  least  are  produced  by  aqueo- 

1  Spurr,  J.  E.,  Geology  of  the  Yukon  gold  district,  Alaska:  U.  S.  Geol.  Survey  Eighteenth  Ann.  Rept.,  pt.  3,  p.  311, 1S98. 

2  Lindgren,  Waldemar,  The  character  and  genesis  of  certain  contact  deposits:  Am.  Inst.  Min.  Eng.  Trans.,  vol.  31,  pp.  242-244, 1902. 

3  Barrell,  Joseph,  Geology  of  the  Marj-sville  mining  district,  Montana:  U.  S.  Geol.  Survey  Prof.  Paper  57, 1907. 
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io-neous  actmty,  through  a  process  intermediate  between  injection  of  molten  magma  and  pre- 
cipitation from  aqueous  solutions. 

The  Ultimate  association  of  the  aplite  and  pegmatite  dikes  with  the  deposits  in  the  contact 
zones  and  their  relations  to  the  ore  deposits  and  the  granitic  intrusives  are  considered  more  fully 
under  the  heading  "Genesis  of  the  ores"  (p.  102),  The  microscopic  petrography  of  a  specimen 
of  the  rock  is  described  by  Dr.  H.  E.  Merwin  as  follows: 

Specimen  622.  Collected  from  a  point  on  trail  to  Jumbo  mine  at  an  elevation  of  700 
feet.  This  rock  is  fine  gramed,  almost  white,  and  contains  about  45  per  cent  each  of  ortho- 
clase  and  plagioclase.  The  plagioclase  varies  m  composition  from  Ab^Ajii  to  AbjAui-  The 
rest  of  the  rock  mass  is  made  up  of  8  per  cent  of  quartz  and  2  per  cent  of  hornblende,  zircon, 
and  other  minerals.     The  rock,  then,  is  an  adaraellite  aplite. 


PYROXENE-FELDSPAR   DIKES. 


Dikes  or  veins  of  rocks  composed  essentially  of  pyroxene  and  feldspar  occur  withui  the  con- 
tact zones  and  branch  out  into  the  intrusive  and  intruded  rocks.  These  rocks  vary  widely  in 
composition,  ranging  from  those  containing  90  per  cent  of  feldspar  and  10  per  cent  of  pyroxene 
to  those  containing  70  per  cent  of  pjTOxene  and  30  per  cent  of  feldspar.  In  some  of  them  garnet 
and  sulphide  minerals  occur  both  as  primary  mmeral  constituents  and  in  cracks  or  veinlets  as 
seconilary  minerals.  The  rocks  have  a  medium  to  fine  gramed  granular  texture  and  are  usually 
lio-ht  to  dark  green  in  color,  though  where  orthoclase  dominates  they  are  flesh-colored.  These 
rocks  cut  the  granitic  intrusive  rocks  and  were  probably  injected  mto  fissures  in  the  contact 
zone  in  a  manner  similar  to  the  aplite  dikes  though  at  a  somewhat  later  period.  Their  inter- 
section by  veinlets  of  garnet  and  the  alteration  of  the  feldspars  in  some  of  them  to  scapolite 
indicate  that  their  formation  antedates  that  of  the  ore  deposits,  though  they  may  have  been 
formed  at  about  the  same  time,  and  their  composition  suggests  that  they  were  derived  from  the 
same  underlying  magma  that  produced  the  contact  rock. 

The  microscopic  petrography  of  the  rock  is  described  by  Dr.  H.  E.  Merwin  as  follows: 

Specimen  11.  Collected  from  10-foot  dike  in  contact  zone  one-half  mile  southwest  of 
Copper  Mountain  at  an  elevation  of  2,500  feet. 

This  rock  occurs  in  small  dikes  or  veins  which  are  confuied  to  the  borders  of  the  uitrusive 
masses  and  cut  both  the  intrusive  rock  and  the  contact  rock.  It  also  occurs  in  irregular  masses 
at  the  margins  of  the  granitic  mtrusives. 

The  rock  is  of  fuie-grained  granitic  texture,  flesh-colored,  and  in  the  hand  specimen  shows 
patches  of  light-green  pyroxene  m  a  groundmass  made  up  of  irregular  grains  and  plates  of 
orthoclase.  Under  the  microscope  orthoclase  and  diopside  are  shown  to  be  the  chief  constitu- 
ents; albite,  titanite,  and  apatite  are  present  as  accessories  and  compose  about  1  per  cent  of  the 
rock  mass.  The  orthoclase  constitutes  about  90  per  cent  of  the  rock,  and  occurs  in  both  anhedral 
grains  and  in  subhedral  plates  showing  Carlsbad  twinnmg.  The  jjyroxene  is  subhedral  and  is 
colorless  to  pale  green.  Optically,  it  is  diopside  with  a  probable  slight  mLxture  of  fegu-ite  in 
the  greenish  grains.  Its  distribution  is  somewhat  irregular.  This  rock  may  be  caUed  a  diopside 
orthoclasite. 

An  analysis  of  the  rock  made  by  Chase  Pahner  and  calcidations  from  the  analysis  by  the 
methods  of  the  quantitative  system  show  the  following  chemical  and  mineralogic  (normative) 
composition: 

Chemical  composition  of  diopside  orthoclasite. 


SiO, 62.03 

AlA 16.  39 

Fe,0, 72 


FeO.. 
MgO. 
CaO.. 
Na,0. 


.86 
1.60 
3.60 
1.08 


KoO 12.  38 

HjO 24 

H2O+ 61 


TiO, 
P2O. 
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Mineral  composition  of  diopside  orthoclasite. 


Magnetite 0.  93 

Apatite 34 

Ilmenite 1. 06 

(Water) 85 


Quartz 1.26 

Orthoclase 73.  39 

Albite 9.43 

Anorthite 3. 06 

Diopside 8. 89 

WoUastonite 1. 04  100.  25 

The  notable  characteristics  of  the  rock  are  its  high  orthoclase  and  low  cjuartz.  The  norma- 
tive orthoclase  is  higher  than  for  anj-  rock  in  Washington's  tables,'  and  the  actual  orthoclase 
(which  includes  the  normative  albite  and  anorthite  in  sohd  solution)  is  higher  still.  A  quartz- 
orthoclasite  Usted  on  page  143  of  Washington's  tables  contain  about  the  same  amount  of  norma- 
tive orthoclase.  The  rock  belongs  in  the  rang  nordniarkare  of  the  quantitative  system,  but  its 
high  potash  content  places  it  in  a  hitherto  unrepresented  subrang — the  perpotassic — which  may 
properly  be  called  hcttose,  from  the  occurrence  of  the  rock  on  the  shores  of  Hetta  Inlet. 

Specimen  615.  Collected  from  6-foot  dike  cutting  diorite  in  long  tunnel  500  feet  from 
mouth  of  Xew  York  claim. 

This  is  a  greenish  holociystaUine  rock  consisting  of  a  light-colored  pjToxene  (about  70  per 
cent)  and  plagioclase  feldspar  which  is  largely  altered  to  scapolite.  Much  of  the  scapohte  is  in 
individual  crystals  more  than  a  hundred  times  as  large  as  the  feldspar  crystals  replaced,  giving 
the  rock  a  poikilitic  appearance.  Euhedral  crystals  of  pyrite  and  much  chalcopj'rite  and 
pyrrhotite  are  scattered  tkrough  the  rock.  The  last  two  minerals  appear  to  have  been  introduced 
at  the  same  time  as  garnet  and  epidote,  which  fill  many  jomts  in  the  rock.  What  appears  to 
have  been  an  earUer  set  of  minute  veins  filled  with  feldspar  are  now  parts  of  scapohte  crystals. 
The  pjToxene  occtirs  mostly  m  small  rounded  grains,  but  also  in  larger,  irregular  cry^stals. 
This  mineral  is  unaltered. 

Specimen  623.  Collected  from  4-foot  dike  cutting  diorite  and  contact  rock  just  below 
open  cut  on  New  York  claim. 

A  fine-grained  rock  which  in  the  hand  specmien  is  greenish  with  irregular  bright  pink 
blotches.  Under  the  microscope  the  green  color  is  found  to  be  due  to  a  pyroxene  which  occiu"s 
in  rounded  grains  and  u'regular  ciystals  having  a  verj'-  fresh  appearance.  The  pink  masses  are 
altered  feldspar.  Phenocrysts  of  acid  labradorite  have  been  altered  to  very  fine  grained  aggre- 
gates. The  alteration  has  extended  around  the  phenocrysts  mto  the  plagioclase  of  the  ground- 
mass,  thus  making  the  pink  areas  irregular.  The  predomhiant  mineral  of  the  aggregates, 
though  not  occurring  m  grains  large  enough  for  positive  identification,  is  probably  a  hght-colored 
mica.  In  the  shde  it  resembles  the  scapohte  of  other  altered  rocks  of  the  district,  but  it  has 
positive  elongation  parallel  to  the  cleavage.  Examined  in  powdered  form,  its  refractive  indices 
were  found  to  be  1.56  to  1.59.  Other  minerals  in  the  alteration  aggregates  are  calcite  and  a 
mineral  havmg  moderate  to  weak  double  refraction  and  refractive  index  of  about  1.69 — probably 
zoisite. 

Specimen  658.  Collected  from  dike  on  Jumbo  No.  4  claim,  upper  surface  workhigs. 

A  fine-gramed  granitic  rock  contahimg  about  50  per  cent  each  of  basic  plagioclase  and  a  pale- 
green  pyroxene.  The  minerals  are  very  fresh,  even  where  cut  by  numerous  veins  of  garnet. 
A  few  grains  of  the  pyroxene  are  altered  to  a  more  highly  refracting  mineral  showing  interference 
colors  like  zoisite.  Tins  alteration  seems  to  have  taken  place  before  the  garnet  veins  came  in. 
These  are  sharply  bounded  by  fracture  surfaces. 

PORPHYRIES. 

Porphyritic  dike  rocks  are  common  within  the  area  and  were  observed  principally  along  the 
shores  and  m  the  streams  that  traverse  the  schists  and  limestones  (probably  largely  Carbonif- 
erous) as  well  as  the  later  greenstones.  They  cut  the  granitic  intrusives  and  the  aphte  dikes 
and  are  therefore  of  more  recent  intrusion.     The  porphyritic  dikes  are  generally  5  to  50  feet 

•  Washington,  n.  S.,  Chemical  analyses  of  igneous  rocks  published  from  1SS4  to  1900,  with  a  critical  discussion  of  the  character  and  use  of 
analyses:  U.  S.  Geol.  Survey  Prof.  Paper  14, 1903. 
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wide  but  averao-e  about  12  feet  in  width.  The  rock  consists  of  a  finely  crystalline  groundmass 
with  phenocrysts  of  basic  plagioclase  and  hornblende. 

The  microscopic  petrography  of  the  rock  is  described  by  Dr.  H.  E.  Merwin  as  follows: 

Specimen  59.  Collected  from  south  shore  of  Hetta  Inlet  1  mUe  west  of  Gould  Island. 

This  is  a  light  greenish-gray  fine-grained  porphjTitic  rock  containing  phenocrysts  of  plagio- 
clase. In  the  thin  section  the  plagioclase  (acidic  andesme)  forms  75  per  cent  of  the  rock,  a  light- 
green  slightly  pleoclu-oic  hornblende,  in  kregular  ciystals  and  scattered  grains,  forms  15  to  20 
per  cent,  and  magnetite  forms  5  to  10  per  cent.  Titanite,  epidote,  and  calcite  occur  in  very 
small  amounts.  The  groundmass  shows  a  decided  parallel  arrangement  of  the  plagioclase 
crystals  due  to  flow  structure. 

The  rock  is  a  diorite  porphjTy- 

Specimen  104.  Collected  from  a  dike  30  feet  wide  near  the  ore  deposit  on  a  ridge  on  the 
west  slope  of  Hetta  Mountain. 

This  is  a  medium  to  Gne  grained  porphjTitic  rock  containing  abundant  plagioclase  and 
scattered  phenocrysts  of  hornblende.  Under  the  microscope  the  phenocrysts  of  plagioclase, 
approximately  andesine  in  formation,  appear  to  be  weU-bounded  crystals,  zoned  and  twinned. 
The  hornblende  occurs  in  ragged  prisms,  shows  pleochi'oism  fi'om  light  yellow  to  light  green,  and 
is  partly  chloritized.  The  groundmass  is  made  up  of  a  finely  granular  plagioclase  that  exhibits 
no  distinct  t^vimiing  or  zoning  but  shows  undular  extinction.  Magnetite,  titanite,  and  apatite 
are  accessory  constituents. 

The  rock  is  a  porphyiy. 

Specimen  73.  Collected  from  dike  6  feet  wide  cutting  schists  on  the  west  shore  of  Hetta 
Inlet  opposite  Jumbo  Island. 

Tliis  is  a  fine-grained  porphyritic  rock  with  long,  slender  phenocrysts  of  hornblende  up  to 
2  centimeters  in  length,  having  a  parallel  arrangement,  probably  due  to  flowage  in  the  magma 
before  crystallization.  Many  of  these  crystals  show  effects  of  magmatic  corrosion.  The  horn- 
blende, which  constitutes  35  per  cent  of  the  rock,  is  pleochroic,  ranging  fi-om  fight  yellow  to 
dark  yellow-green.  A  colorless  pyroxene  occurs  in  irregular  grains  in  small  amount — about  3 
per  cent.  The  feldspar  (andesine  to  acidic  labradorite)  occurs  in  very  small  poikiUtic  crystals 
which  are  usually  not  twinned.  Alteration  to  chlorite  and  calcite  has  begun.  The  feldspar, 
including  a  plagioclase  of  similar  composition  in  the  groundmass,  constitutes  45  per  cent  of  the 
rock  mass.     Magnetite  is  abundant,  forming  about  10  per  cent  of  the  rock. 

The  rock  is  a  diorite  porphjTy  or  lamprophyre. 

LAMPROPHYEE. 

Dikes  of  lamprophyre,  most  of  them  1  foot  to  6  feet  wide,  cut  the  rocks  near  the  granitic 
contacts.  (See  PI.  ^T,  B,  p.  32.)  They  are  generally  much  altered  and  in  places  are  faulted, 
and  no  older  intrusive  rock  was  noted  in  the  area.  They  are  older  than  the  ore  deposits  or  the 
granitic  intrusives.  The  dikes  in  the  contact  zone  are  broken  and  have  been  here  and  there 
much  altered  and  in  part  replaced  by  nunerals  of  the  contact  rock.  The  rock  is  black,  fine 
grained,  and  of  porphjTitic  textiu-e,  and  contains  phenocrysts  of  pyroxene,  mostly  urafitized. 
Plagioclase  and  urafitc  compose  the  groundmass.  The  accessory  nunerals  are  magnetite  and 
titanite. 

Dr.  Merwin  describes  the  nucroscopic  structure  of  the  rock  as  foUows: 

Specimen  651.  Collected  fi'oin  open  cut  in  gulch  on  Jumbo  No.  4  claim,  Copper  Mountain. 

This  rock  is  greenish  black,  of  aphamtic  texture,  and  under  the  microscope  shows  about  70 
per  cent  of  amphibole,  20  per  cent  of  altered  plagioclase,  5  per  cent  of  biotite,  and  some  pyrite, 
titamte,  and  magnetite.  It  is  traversed  by  veinlets  that  vary  from  mere  threads  to  ribbons 
several  inches  wide,  formed  of  garnet  and  diopside.  The  rock  near  these  veinlets  and  at  the 
contacts  has  assumed  a  fighter  color,  owing  to  the  bleaching  of  the  hornblende. 

The  rock  is  an  altered  lamprophyre. 

Specimen  658.  Collected  from  dike  cutting  limestone  at  mine  workings  in  gulch  on  Jumbo 
No.  4  claim. 


GEOLOGY   OF   THE   COPPER    MOUNTAIN   AEEA.  43 

A  fine-grained  to  porphyritic  greenish-black  rock  containing  altered  labradorite  (CO  per 
cent)  showing  zonal  structiu-e.  The  groundmass  contains  also  chlorite  and  magnetite  and 
secondary  veinlets  of  diopside  and  garnet.  Near  the  contacts  of  the  dike  and  adjacent  to  the 
veinlets  the  rock  is  altered  to  a  hghter  green. 

The  rock  is  an  altered  lamprophyre. 


Many  dikes  of  diabase  were  noted  along  the  sliores  of  Iletta  Inlet.  They  cut  the  green- 
stones and  here  and  there  the  older  schists  and  hmestones.  They  are  generally  from  2  to  10 
feet  wide,  and  most  of  them  strike  northeastward  across  the  stratification  of  the  country  rock. 
The  diabase  is  esseiitially  a  plagioclase-augite  rock  of  diabasic  texture,  dark-green  color,  and 
medium  fine  grain.  In  certain  places  coarse-grained  dikes  of  this  rock,  the  largest  .50  feet  wide, 
resemble  gabbro,  though  they  still  retain  a  diabasic  texture. 

These  diabase  dikes  are  evidently  younger  than  the  granitic  intrusives  and  the  ore  deposits, 
for  they  cut  the  contact  deposits  on  the  Green  ^Monster  claim,  as  well  as  those  in  the  greenstone 
schists  on  the  Corbin  claim.     They  have  no  genetic  relation  to  the  ore  deposits. 

Dr.  Me  Twin's  descriptions  follow. 

Specimen  58.  Collected  from  point  H  miles  north  of  Jumbo  Landing,  (ui  east  side  of 
Hetta  Inlet. 

The  rock  is  of  porjihyritic  texture.  Large  crystals  having  the  outhnes  of  augite  form  the 
phenocrysts.  This  augite  and  that  appearing  in  the  groundmass  are  entirely  urahtized. 
Feldspar  occurs  in  small  crystals.  Very  many  slender  prisms  of  apatite,  included  by  the  feld- 
spar, and  minute  crystals  of  titanite  are  the  principal  accessory  minerals.  The  rock  contains 
70  per  cent  of  uraUte,  25  per  cent  of  labradorite,  and  5  per  cent  of  accessory  minerals. 

The  rock  is  an  altered  diabase. 

Specimen  48.  Collected  from  15-foot  dike  cutting  schists  on  south  shore  of  Hetta  Inlet,  1 
mile  east  of  Gould  Island. 

This  rock  is  medium  to  fine  gi-ained  and  of  porphyritic  texture.  The  phenocrysts  are  4  to  7 
millimeters  in  length  and  consist  of  plagioclase  and  hornblende.  The  plagioclase  (acidic  labra- 
dorite) is  twiimcd  after  the  Carlsbad  and  albite  laws  and  makes  up  about  half  the  volume  of  the 
rock.  So  much  feldspar  is  inclosed  on  the  irregular  margins  of  the  hornblende  crystals  as  to 
give  them  a  poikihtic  appearance.  The  biotite,  which  constitutes  about  5  per  cent  of  the  rock, 
occurs  in  very  fine  scales,  scattered  rather  evenly.  Magnetite  and  p>Tite  occur  in  small  grains 
in  the  groundmass. 

The  rock  is  a  diabase  or,  more  specifically,  a  hornblende  dolerite. 

GEOLOGIC  HISTOB.Y. 

The  record  of  the  periods  of  sedimentary  deposition  and  igneous  intrusion  represented  in 
the  Copper  Mountain  area  is  defined  only  by  structural  relations,  not  by  paleontologic  evidence. 
The  oldest  sedimentary  strata  are  the  schists  and  limestones,  which  are  probably  largely  of 
Carboniferous  age,  an  inference  based  on  their  marked  similarity  to  the  metamorphic  schists  of 
the  maiiJand  belt,  where  included  hmestone  beds  contam  Carboniferous  fossils,  though  they 
probably  include  some  strata  of  Mesozoic  age.  This  metamorpliic  series  is  made  up  of  a  gi'eat 
thickness  of  bedded  rocks,  originally  argillaceous,  calcareous,  and  sihceous  shales  and  sand- 
stones, and  may  include  several  conformable  formations.  More  recent  in  age  are  the  gi'een- 
stones,  which  overhe  the  schists  and  limestones  with  aj)parent  conformity.  They  are  charac- 
terized by  their  content  of  volcanic  material,  indicating  an  extensive  period  of  volcanic  eruption, 
which  assumed  the  form  of  tuffaceous  outbursts  rather  than  that  of  lava  flows.  Evidence  from 
adjacent  areas  indicates  that  these  rocks  were  deposited  in  Mesozoic  time.  Later  all  these 
bedded  rocks  were  subjected  to  mountain-building  forces,  which  induced  metamorphism  and 
upturned  the  stratified  rocks  wathin  the  area.  During  this  period  basaltic  dikes  or  lampro- 
phyres  were  injected  along  fracture  planes  in  the  rocks  and  were  also  subjected  to  faulting  and 
flexuring  due  to  the  mountain-building  forces. 
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The  most  important  geologic  event  in  the  I'cgion  was  the  granitic  intrusion,  which  contmued 
during  a  long  period  and  by  which  a  large  quantity  of  igneous  material  was  carried  from  an 
underljnng  magma  into  the  overlying  sedimentary  rocks.  The  main  granitic  mtrusion  is 
regarded  as  Mesozoic,  probably  late  Jurassic  or  early  Cretaceous,  and  conforms  in  ags  to  the 
Coast  Range  intrusions.  The  intrusion  of  the  granitic  mass?s  was  followed  by  the  injection  of 
pegmatite  and  aplite  dikes,  which  are  regarded  as  differentiation  products  of  the  granitic  magmas. 

The  next  important  event  was  the  deposition  of  ores  at  the  contacts  of  the  intrusive  masses — 
an  event  that  closely  followed  the  injection  of  the  pegmatite  and  aplite  dikes.  The  ore  deposits 
were  accompanied  by  large  masses  of  garnet-epidote-diopside  rock,  which,  like  the  ore  deposits, 
are  beUeved  to  have  been  derived  from  the  underlying  granitic  magma.  The  most  recent  rocks 
in  the  area  are  the  porphyritic  and  basalt  dikes,  which  are  fairly  abundant.  These  intrusions 
probably  occurred  in  Mesozoic  time.  The  record  of  the  more  recent  geologic  periods,  though 
not  found  in  the  rock  formations,  is  represented  in  the  present  topographic  features,  which  have 
already  been  described. 

COPPER  OKES  OF  THE  COPPER  MOUNTAIN  AREA. 

GENERAL    CHARACTER. 

The  Copper  Mountain  area  presents  exceptional  opportunities  for  a  study  of  the  relations 
between  the  igneous  intrusives,  the  ore  deposits,  and  the  occurrence  of  minerals  attributable 
to  metamorphic  actions,  but  as  only  a  few  months  were  spent  m  the  field,  and  as  an  exhaustive 
study  of  the  minerals  and  rock  specunens  collected  has  not  been  made,  the  problems  presented 
can  be  only  briefly  considered. 

In  order  not  to  confuse  observed  facts  with  hypotheses  regarding  ore  genesis,  metamor- 
phism,  and  like  phenomena,  only  the  observed  facts  will  be  stated  here  and  the  more  theoretical 
questions  wLU  be  discussed  imder  the  heading  "Genesis  of  the  ores"  (p.  102).  The  principal 
metal  in  all  the  ore  deposits  in  the  area  is  copper,  gold  and  silver  appearmg  in  minor  quantities. 
Considerable  bodies  of  magnetite  are  associated  with  some  of  the  copper  ores,  but  these  have 
not  yet  been  mined  except  for  their  copper  content.  Zinc  and  lead  are  present  in  some  of  the 
ores  but  not  m  commercial  amoimts.  The  deposits  consist  mostly  of  primaiy  minerals,  the 
ores  not  having  been  enriched  by  the  action  of  surface  waters. 

GEOGRAPHIC    AND   GEOLOGIC   DISTRIBUTION. 

The  distribution  of  the  ore  deposits  is  clearly  shown  on  the  geologic  map  of  the  Copper 
Moimtam  area  (PI.  V,  p.  30).  This  map  indicates  the  location  of  ore  bodies  on  which  some 
development  work  has  been  done  and  which  are  described  mider  the  headmg  "Mining  in  the 
Copper  Momitam  area"  (p.  53). 

The  relation  of  these  deposits  to  the  geology,  and  especially  to  the  granitic  intrusives,  is 
best  seen  by  reference  to  the  map.  A.  striking  fact  is  that  most  of  the  deposits  are  at  the 
contacts  of  the  granitic  intrusives  with  the  hmestones  and  schists,  especially  in  the  places  where 
the  Ime  of  contact  forms  strong  reentrants.  Other  deposits  occur  in  the  greenstones  at  a 
considerable  distance  from  the  mtrusive  contacts. 

TYPES    OF    ORE    DEPOSITS. 

The  foUowmg  thi-ee  tyj^es  of  ore  deposits  have  been  recognized  in  the  Copper  Mountain 
area: 

Contact  deposits,  occurring  at  the  contact  of  the  granitic  rocks  and  the  schists  and  hme- 
stones ;  contaming  chalcopyrite  associated  with  pyrite  and  magnetite  or  pyrrhotite  in  a  gangue 
of  garnet,  pyroxene,  amphibole,  epidote,  and  other  metamorphic  minerals;  also  calcite  and 
some  quartz. 

Vein  deposits,  occupying  fissm-es  or  shear  zones  in  the  greenstones  and  containing  shoots 
of  massive  sulphide  ore  composed  of  chalcopjTite  and  pyrite,  with  some  sphalerite,  in  a  quartz- 
calcite  and  chlorite  gangue. 
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Disseminated  deposits,  consisting  of  mineralized  schistose  beds  in  the  older  schists.  Chal- 
copyrite  and  pyrite  are  finely  disseminated  through  these  beds  and  are  accompanied  by  quartz 
and  calcite  veinlets. 

The  contact  deposits  are  the  most  important  commercially  and  of  greatest  interest  geologi- 
cally and  are  therefore  considered  at  length  in  this  report.  The  vein  deposits  are  less  important, 
tliough  at  two  mines  they  have  been  developed  to  a  considerable  extent.  The  disseminated 
deposits  are  at  present  of  Uttle  importance  and  have  been  only  slightly  developed,  for  their 
low  metal  content  prevents  their  exploitation. 

CONTACT    DEPOSITS. 
THE   CONTACT  ZONE. 

The  contact  deposits  occur  withm  the  contact  rock  that  occupies  a  zone  surrounding  the 
granitic  intrusive  masses.  This  contact  rock  is  made  up  of  various  combinations  of  minerals, 
its  principal  components  being  garnet,  ampliibole,  pyroxene,  epidote,  and  calcite,  which  occur 
together  in  separate  crj^stallme  groups  or  more  often  as  a  felsite-like  mass.  The  contact  rock 
occiu's  irregularly  around  the  contact  zone;  in  some  places  it  is  entirely  lacking  and  in  others  it 
has  a  surface  width  of  several  hundred  feet.  Its  surface  width  at  many  points  is  much  greater 
than  its  actual  width,  especially  on  hillsides  where  the  dip  of  the  intrusive  rock  sm'face  is  only 
shghtly  steeper  than  the  slope.  Its  usual  width,  however,  ranges  from  25  to  250  feet.  At 
certain  locahties  the  intrusive  and  intruded  rocks  are  in  direct  contact  with  each  other,  the 
minerals  composing  the  contact  rock  being  notably  absent. 

In  some  places  dikes  or  veins  of  the  contact  rock  branch  out  into  the  limestones  and 
schists  and  occupy  fissures  in  the  granitic  intrusive.  Few  of  these  veins  are  more  than  1,000 
feet  long.  Large  areas  of  the  contact  rock  occm"  just  within  the  granitic  intrusive  and  on  the 
surface  appear  to  be  sm'rounded  bj'  the  granitic  rock.  These  areas  may  represent  wide  fractures 
within  the  intrusive  which  have  been  filled  with  the  contact  rock,  or  they  may  be  masses  of 
the  intruded  rocks  which  have  been  replaced  by  the  contact  rock. 

THE   ORE  IN  THE   CONTACT  ZONE. 

Types  of  contact  deposits. — The  ore  within  the  contact  zone  occurs  in  irregular  masses  that 
range  in  diameter  from  10  to  100  feet.  These  masses  generally  occur  on  one  or  the  other  side 
of  the  contact  zone;  they  are  rarely  found  in  the  center. 

The  contact  deposits  may  be  di\-ided  into  two  classes,  according  to  their  mmeral  composi- 
tion. In  certam  deposits  chalcopyrite  ore  is  associated  with  masses  of  magnetite  and  these  are 
distmguished  as  the  chalcopyrite-magnetite  type.  In  other  deposits  chalcopyrite  is  associated 
with  pyrrhotite  and  these  are  distmguished  as  the  chalcopyrite-pyri'hotite  type. 

Chalcopyrite-magnetite  type. — The  chalcopyrite  in  deposits  of  the  chalcopyrite-magnetite 
type  is  usually  disseminated  and  seldom  in  rich  masses.  The  gangue  mmerals  are  garnet,  am- 
phibole,  and  pyroxene,  and  the  deposits  are  compact  and  finely  crystallized.  Deposits  of  this 
type  were  noted  only  between  the  granitic  intrusive  and  the  contact  rock,  as  on  the  north 
side  of  Jumbo  Basm,  where  erosion  has  removed  the  overlying  contact  rock  and  the  magnetite 
deposit  exposed  resembles  a  shell  or  coating  on  the  surface  of  the  granitic  intrusive.  This 
deposit  is  from  5  to  15  feet  thick  and  over  100  feet  %vide.  At  its  contact  with  the  granitic 
rock,  which  is  the  footwall,  the  ore,  with  the  contact  minerals,  grades  into  the  intrusive  mass, 
the  niLuerals  of  wliich  are  replaced  by  garnet,  epidote,  calcite,  etc.  This  zone  of  gradual  replace- 
ment between  the  contact  rock  and  the  intrusive  is  often  many  feet  wide.  On  the  hanging- 
wall  side  is  the  contact  rock,  which  is  overlain  by  metamorphic  schists,  and  here  also  there  is 
no  line  of  demarcation  between  the  two  rocks  but  a  gradual  change  due  to  replacement  of  the 
schists  by  the  contact  minerals. 

Chalco pyrite- pyri-hotite  type. — In  this  tyjje  chalcopyrite  and  pyi'rhotite,  the  two  principal 
sulphide  minerals,  occur  associated  together  and  also  in  separate  masses.  The  gangue  minerals 
are  garnet,  diopside,  epidote,  calcite,  and  rarely  quartz.     (See  PI.  VIII.)     Pyrite  is  present 
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but  no  magnetite.  As  a  rule  these  minerals  are  coarsely  crystallized,  calcite  filUng  the  inter- 
stices and  small  crystal  druses  being  common.  These  features  of  crystal  occurrence  are  more 
clearly  evident  in  rock  adjacent  to  the  ore  bodies  and  help  to  indicate  the  location  of  the  masses 
of  sulphide  ore.  Farther  away  from  the  ore  bodies  the  contact  rock  is  more  compact  and  even 
felsitic  in  aspect.  These  features  of  the  ore  deposits  are  clearly  shown  in  the  mine  tunnels  on 
Jumbo  No.  4  claim  at  the  head  of  Jumbo  Basin.  Deposits  of  the  chalcopyrite-pyrrhotite  type 
are  most  likely  to  be  found  where  limestone  occurs  at  the  contact  or  on  the  contact  rock  adjacent 
to  the  limestone.  They  are  also  found  at  the  contacts  of  the  granitic  rocks  with  the  contact 
rock  and  in  masses  of  contact  rock  that  lie  -vvithin  the  granitic  intrusives.  One  of  the  most 
important  masses  lies  within  a  vein  of  contact  rock  that  branches  out  into  the  limestone  beds, 
away  from  the  contact  zone. 

Relation  of  intruded  roclcs  to  contact  deposits. — The  influence  of  the  different  rock  strata  at 
the  contacts  of  the  intrusive  masses  on  the  nature  of  the  contact  deposits  is  noteworthy,  as  the 
character  of  the  intruded  strata  determines  to  some  extent  the  location  of  the  ore  masses. 
However,  these  rock  beds  have  not  entered  into  nor  do  they  determine  in  large  measure  the 
composition  of  the  contact  rock  which  incloses  the  deposits,  as  has  been  pointed  out  in  reports 
on  other  districts  where  contact  deposits  occur.  Where  limestone  forms  the  wall  rock  the  effect 
has  been  to  limit  the  ore  deposits  and  the  contact  rock  rather  abruptly;  in  other  words,  the 
mmerals  of  the  contact  deposits  do  not  penetrate  the  limestone  wall.  The  limestones  at 
these  ])oints  show  no  bedding  planes,  are  very  pure  in  composition,  are  reciystallized  to  a 
fine  white  marble,  and  were  apparently  impervious  to  the  mineralizing  solutions.  Large 
rounded  detached  masses  of  the  limestone  walls  occur  withui  the  contact  rock,  and  the  edges 
of  these  masses  and  those  of  the  limestone  walls  indicate  that  this  rock  has  been  dissolved  or 
eaten  away  by  the  mineral  solutions  that  deposited  the  ores  and  the  contact  rock.  As  many 
of  the  richer  ore  masses  occur  where  the  limestone  is  present,  the  Umestone  may  have  assisted 
in  precipitating  the  sulphide  minerals.  Tliis  question  is  discussed  under  the  heading  "Genesis 
of  the  ores"  (p.  102). 

Where  the  schistose  rocks  form  the  walls  of  the  contact  dejjosits  the  mmerahzation  is  less 
concentrated,  the  contact  rock  shows  less  tendency  to  crystallize,  and  the  mmerals  show  less 
tendency  to  segregate.  The  sulphide  ores  are  more  disseminated  in  the  contact  rock,  and  the 
contact  minerals,  including  the  sulphides,  penetrate  the  schists  for  some  distance  from  the 
contact.  Angular  fragments  of  the  schistose  rocks  ai-e  in  places  included  m  the  contact  rock, 
and  veins  of  the  latter  extend  along  fissures  and  between  the  schist  strata  for  some  distance 
away  from  the  contact  zone.  The  schists  that  show  this  replacement  by  the  minerals  compos- 
ing the  contact  rock  are  essentially  calcareous,  whereas  the  more  siliceous  rocks  apparently 
suffered  Uttle  change  during  the  minerahzation. 

Location  ofminable  ore. — The  productive  ore  masses  found  in  the  contact  zone  are  confined 
chiefly  to  Jumbo  Basin  and  the  Copper  Mountain  ridge  just  above  Jumbo  Basin.  (See  PI.  Ill,  B, 
p.  28.)  These  deposits  are  of  the  chalcopyrite-pyrrhotite  type.  Large  deposits  of  the  chal- 
copyrite-magnetite  type  occur  on  the  north  side  of  the  Jumbo  Basin  and  are  said  to  contain 
sufficient  copper  to  make  them  minablc,  but  they  are  far  away  from  transportation  lines. 

Other  ore  masses  have  been  prospected  at  many  points  around  the  granitic  intrusive 
masses,  but  most  of  them  are  not  convenient  to  lines  of  transportation  and  it  has  been  difficult 
to  do  development  work  on  them,  so  that  on  most  of  the  locations  little  has  been  done  but 
the  annual  assessment  work. 

VEIN    DEPOSITS. 

Most  of  the  vein  deposits  are  in  the  schists,  with  which  they  generally  coincide  in  strike 
and  dip.  These  veins  are  persistent  in  length  and  depth,  and  the  ore  in  them  occurs  in  shoots 
of  massive  sulphides,  essentially  chalcopyrite,  pyrite,  and  some  sphalerite,  associated  with  cal- 
cite, quartz,  and  chlorite.  These  shoots  are  1  foot  to  4  feet  wide,  20  to  80  feet  long,  and  at  one 
locality  have  been  developed  to  a  depth  of  more  than  100  feet.  Those  parts  of  the  veins  that 
carry  no  ore  are  well  marked  by  gouge  containing  pyrite  and  veinlets  of  quartz  and  calcite. 
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The  altered  schist  near  the  veins  is  pale  green  to  white,  the  color  of  the  rock  grading  away  from 
the  veins  into  the  general  dark-green  color  of  the  unaltered  schist.  Veins  of  this  type  have 
been  developed  at  the  Corbin  and  Red  Wing  mines,  both  situated  near  sea  level  along  the 
east  shore  of  Hetta  Inlet.  These  deposits  will  be  described  in  detail  under  the  heading 
"Mining  in  the  Copper  Mountain  area"  (p.  53). 

DISSEMINATED   DEPOSITS. 

At  a  few  points  in  the  Copper  Mountain  area  mineralized  schists  carrjTing  small  amounts 
of  copper  and  gold  have  been  found,  and  on  certain  of  these  deposits  small  developments  have 
been  made.  Some  of  these  deposits  extend  for  long  distances  and  range  in  width  from  5  to  25 
feet.  They  are  intercalated  in  the  older  schists  and  some  of  them  are  more  or  less  fissured,  the 
fissures  carrying  quartz  and  calcite.  The  principal  deposits  of  this  tj'pe  occur  in  the  lower  part 
of  Jumbo  Basin  at  an  elevation  of  about  300  feet.  Because  of  their  low  copper  content  they 
have  not  been  extensively  explored  and  have  not  yet  become  productive. 

MINERALS    OF    THE    DEPOSITS.^ 
SCOPE  OF  THE  DISCTISSION. 

The  minerals  composing  the  ore  deposits  in  the  Copper  Mountain  area  are  doubtless  of  less 
interest  to  the  miner  than  the  ore  bodies  themselves,  but  the  mineralogy  of  the  ores  is  important 
to  the  geologist  and  may  assist  him  materially  in  determining  the  conditions  under  M'hich  the 
deposits  were  formed.  Here,  however,  only  brief  mention  will  be  made  of  the  ore  and  gangue 
minerals  of  the  deposits.  Detailed  descriptions  of  the  essential  features  of  each  mineral  may 
be  found  in  any  textbook  on  mineralogy.  The  primary  ore  minerals  are  described  first,  then 
the  secondary  ore  minerals,  and  then  the  gangue  minerals  and  other  minerals  in  the  contact 
zones. 

PRIMARY  ORE  MINERALS. 

Chalcopyrlte. — The  principal  ore  in  the  Copper  Mountain  district  is  chalcopyrite,  the  sul- 
phide of  copper  and  ii'on,  which  occurs  in  the  contact  deposits  chiefly  in  masses  more  or  less 
mixed  with  pyrite  and  pyiThotite  (see  PI.  VTII,  E),  in  the  vein  deposits  in  rich  though  relatively 
small  ore  shoots,  and  in  the  disseminated  deposits  in  finely  scattered  particles,  generally  not  in 
amount  sufficient  to  form  an  ore.  Chalcopyrite  is  readily  distinguished  from  the  iron-sulphide 
minerals  by  its  brass-yellow  color  and  by  the  fact  that  it  is  softer  and  powders  readily  under 
the  knife  blade.  In  the  contact  deposits  it  is  associated  with  pyrite,  hematite,  and,  more 
rarely,  molybdenite,  the  gangue  minerals  being  principally  garnet,  quartz,  calcite,  pyroxene, 
amphibole,  and  epidote;  in  the  vein  deposits  it  is  accompanied  by  sphalerite  or  galena.  At  the 
Jumbo  mine  chalcopyrite  and  garnet  fiU  spaces  between  interlacing  crystals  of  scapoHte.  In 
the  contact  deposits  chalcopyrite  is  in  places  well  crystallized  in  dnises,  though  in  the  other 
deposits  no  crystals  were  observed.  The  other  sulphides  of  copper — namely,  bornite  and 
chalcocite — were  not  noted  in  the  district. 

Pyrite. — Pyrite,  a  sulphide  of  iron,  occurs  in  aU  the  ore  deposits  and  is  scattered  through 
the  metamorphic  rocks  of  the  region  and  finely  dissemmated  in  the  igneous  rocks.  It  has  not 
been  found  in  masses  large  enough  to  make  it  valuable  as  an  ore  of  sulphur.  The  copper  ores 
contain  large  percentages  of  pyrite,  which  carries  gold  in  amounts  ranging  from  $1  to  $2  to  the 
ton.     The  pyrite  disseminated  in  the  schists  also  contains  gold. 

Pyrrhotite. — The  occurrence  of  pyrrhotite  is  similar  to  that  of  pyrite,  though  it  is  less  widely 
distributed.  It  is  a  sulphide  of  iron  containmg  less  sulphur  than  pyrite  and  is  readily  dis- 
tinguished by  its  darker  bronzehke  color  and  its  magnetic  properties.  It  occurs  in  large  masses 
in  the  contact  deposits,  but  was  not  noted  in  the  vein  deposits.     (See  PI.  VIII.) 

Pyrrhotite  ores  containmg  sufficient  nickel  to  make  a  nickel  ore  occur  at  Sudbury,  Canada, 
and  at  several  foreign  localities,  notably  at  Kongsberg,  Norway.     Because  of  this  association 

1  The  writer  is  indebted  to  Dr.  H.  E.  Merwin,  of  the  Geophysical  Laboratory  of  the  Carnegie  Institution  of  Washington,  for  a  detailed  study 
of  the  minerals  collected  from  this  region.    The  results  of  Dr.  Merwin's  investigations  are  given  in  the  mineral  descriptions. 


PLATE  VIII. 

A.  Ore  containing  irregular  groups  of  pyrite  crystals  and  chalropyrite  in  a  gangue  of  calcite,  diopeide,  and  garnet. 

Specimen  taken  near  granite  contact,  Juimbo  claim  No.  4.  c,  Calcite;  ch,  chalcopyrite;  dc,  diopside,  calcite; 
g,  essentially  garnet;  p.  pyrite. 

B.  Scapolite.     This  mineral  occurs  in  masses  of  radiating  crystals  in  druses.     Specimen  from  upper  workings  on 

Jumbo  claim  No.  4. 

C.  Specimen  showing  contact  of  limestone  with  contact  rock.     At  the  contact  and  adjacent  to  it  in  the  limestone 

a  very  li.ght  colored  amphibole  has  been  developed.  The  main  mass  of  dark  rock  is  diopside  and  calcite,  but 
in  the  immediate  vicinity  of  the  ore  and  to  a  less  degree  in  other  parts  of  the  mass  a  dark  amphibole  appears. 
The  limestone  is  rather  pure,     c,  Calcite;  cA,  chalcopyrite;  a^,  calcite  amphibolite,  garnet;  rf^,  diopside,  garnet. 

D.  Group  of  epidote  crystals  and  cluster  of  quartz  crystals  on  contact  rock.     Specimen  from  west  slope  of  Green 

Monster  Mountain  near  summit. 
'E.  Metallic  minerals  (magnetite,  pyrite,  and  chalcopyrite)  associated  with  minerals  of  the  contact  rock,  principally 
epidote  and  calcite.     Specimen  from  Jumbo  claim  No.  1.     c,  Calcite;  oh,  chalcopyrite;  e,  epidote;  m,  mag- 
netite; p,  pyrite. 

F.  Adularia  showing  prismatic  crystals  with  slightly  curved  faces.     Specimen  from  north  side  of  Green  Monster 

Mountain  near  summit. 

G.  Garnet.     These  crystals  are  smaller  and  of  a  more  uniform  color  than  the  garnet  which  predominates  in  the 

contact  deposits.     From  New  York  claim,  Copper  Mountain  group. 
TI.  Crystals  of  pyrite  inclosed  in  pyrrhotite.     The  gangue  consists  almost  entirely  of  calcite,  wHch  is  tinged  greenish 
in  places  by  inclusions  of  minute  diopside  crystals.     From  Jumbo  claim  No.  4  near  limestone  contact,    c,  Cal- 
cite; di,  chalcopyrite;  c,  epidote;  p,  pyrite. 
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and  because  masses  of  this  mineral  at  one  locality  were  reported  to  contain  large  amoinits  of 
cobalt,  samples  of  nearly  pure  pyrrhotite  were  taken  at  two  different  localities  and  submitted  for 
determination  of  their  content  of  nickel,  cobalt,  platinum,  and  gold,  with  the  following  results: 

Assays  for  rare  metals  in  pyrrhotite  ore. 
[Assays  made  by  George  Steiger,  United  States  Geological  Survey.] 


Nickel. 

Cobalt. 

Platinum. 

Gold. 

Per  cent. 
0. 1-0. 2 
.1-  .2 

Trace. 
Trace. 

None. 
None. 

Sphalerite. — The  mineral  commonly  called  zinc  blende,  the  sulpliide  of  zinc  (sphalerite), 
containing  67  per  cent  zinc,  haA-ing  generally  a  dark  color  and  a  semimetaUic  luster  and  distin- 
guished by  its  light-brown  powder,  is  found  in  the  vein  deposits  associated  with  chalcopyrite 
and  galena,  cjuartz  and  calcite  being  the  gangue  mmerals.  It  is  not  knowai  to  occur  in  quantities 
sufficiently  large  to  make  a  zinc  ore. 

Galena. — Galena,  the  sulpiride  of  lead,  occurs  in  small  amounts  in  vein  deposits  on  Goiild 
Island,  associated  with  chalcopyrite  and  sphalerite,  with  calcite  and  cjuartz  as  gangue  minerals. 

Molyhdenite. — The  rare  miireral  molybdenite,  the  sulphide  of  molybdenmn,  occurs  in  the 
contact  deposits,  usually  in  small  flakes  iii  the  contact  rock  or  in  the  altered  granitic  rock  near 
these  deposits.  At  the  Jumbo  No.  4  claim  it  is  associated  with  garnet,  calcite,  diopside,  and 
chalcopjaite.  It  is  a  soft,  flak}'  mineral  with  nietalhc  luster  resembling  graphite  but  having 
a  bluer  tinge.  It  is  not  found  in  the  Copper  Mountain  region  in  commercial  quantities.  (See 
PI.  VII,  A.) 

Magnetite. — Magnetite,  the  magnetic  oxide  of  iron,  occurs  in  large  masses  at  the  intrusive 
contacts,  associated  with  the  copper  ores.  Such  masses  are  common  m  Jumbo  Basin,  Avhere 
they  have  been  largely  developed.     (See  PI.  VIII,  E.) 

Mmute  grains  and  octahedral  crystals  of  magnetite  occur  with  the  ferromagnesian  sOicates 
and  in  the  groundmass  of  the  greenstone  schists  and  some  of  the  intrusive  rocks.  Magnetite 
was  also  observed  in  certain  pegmatite  or  aplite  dikes  and  in  quartz  veias,  with  calcite,  pyrite, 
and  chalcopyrite. 

The  presence  of  chalcopyrite  in  these  magnetite  masses  makes  them  important  copper- 
bearing  deposits  and  their  high  iron  content  gives  them  value  to  the  smelters  as  a  flux  in  the 
reduction  of  copper. 

The  occurrence  of  the  magnetite  in  association  with  chalcopyrite,  pyrrhotite,  and  pyrite 
iu  the  contact  deposits  shows  that  it  was  deposited  under  conditions  similar  to  those  under  which 
these  sulpliides  were  formed.  In  the  intrusives,  on  the  other  hand,  magnetite  is  apparently 
an  original  constituent. 

Specularite. — Nearly  aU  the  contact  deposits  contain  small  amounts  of  specularite  or  mica- 
ceous hematite,  an  anhydrous  oxide  of  iron.  Its  association  indicates  that  it  was  deposited 
at  the  same  time  as  the  copper  ores  and  under  sundar  conditions.  Flat  crystals  of  specularite 
one-half  inch  across,  showing  numerous  rhombohedral  faces  around  the  edges,  were  found. 


SECONDARY  ORE  MINERALS. 


Limonite. — The  hydrous  oxide  of  iron,  Umonite,  is  found  principally  at  the  surface  outcrops 
of  the  ore  deposits,  ha\ing  been  formed  largely  from  the  decomposition  of  the  iron  srJpliidcs. 
It  occurs  principally  in  association  with  the  copper  carbonate  ores  on  the  Copper  Mountain 
ridge,  where  it  extends  to  a  considerable  depth  below  the  surface.  In  general  these  oxidized 
or  secondary  ores  form  oidy  a  shallow  capping  on  the  sulpliitle  ore  deposits. 

Malachite. — The  green  mineral  malacliite,  the  basic  carbonate  of  copper,  is  found  in  small 
amounts  at  the  outcrops  of  the  copper  deposits,  usually  where  limestone  forms  the  inclosing  rock. 
It  occurs  principally  in  small  masses  in  a  garnetiferous  and  limestone  gangue  on  Copper  Moun- 
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tain,  where  surface  alteration  has  been  extensive.  It  generally  forms  narrow  seams  or  veinlets 
and  incrustation  or  coating  on  the  sulphide  ores  and  is  associated  mth  limorute,  chrysocoUa, 
and  small  amounts  of  cuprite.  Its  high  copper  content  and  the  facility  with  wliich  it  may  be 
smelted  make  it  a  most  desirable  copper  ore,  but  no  large  deposits  of  it  have  been  foimd  in 
the  district. 

Azurite. — Azurite,  like  malachite,  is  a  carbonate  of  copper,  but  may  be  distinguished  by  its 
deep-blue  color.  It  was  observed  in  small  amounts  onl}-  and  invariably  in  association  with 
malachite  as  a  surficial  alteration  product  of  the  sulpliide  copper  ores. 

GTirysocolM. — The  hydi-ous  silicate  of  copper,  chrysocoUa,  Hke  malachite  and  azurite,  has 
been  found  in  notable  quantities  only  at  the  Copper  ilountain  mine,  where  it  is  apparently 
confined  to  the  surface  workings  and  is  of  minor  importance. 

Cujyrite. — Cuprite,  a  red  oxide  of  copper  resulting  from  the  oxidation  of  the  sulphide  ores, 
occurs  in  small  amounts  at  the  sm-face  workings  of  the  Copper  Mountain  mine. 

Copper. — Native  copper  was  observed  at  the  Jumbo  Basin  mines  on  Copper  Mountain  and 
at  the  Houghton  group.  It  occurs  as  thin  flakes  in  cracks  or  gouge  seams  at  the  outcrops  of 
the  ore  deposits.     It  is  probably  the  result  of  deoxidation  of  cuprite  and  is  therefore  secondary. 


6AKGUE  MINERALS. 


Garnet. — Garnet  is  the  principal  gangue  mineral  of  the  contact  deposits  and  is  confuaed 
chiefly  to  the  intrusive  contacts.  Though  it  commonly  occurs  in  massive  form,  resembling  a 
felsitic  rock,  it  appears  also  in  crystal  aggregates  associated  with  epidote,  quartz,  and  other 
silicates.  (See  PI.  VIII,  6^.)  The  garnet  found  is  mostly  of  the  variety  andradite,  but  includes 
some  grossularite.  The  separate  crystals  are  prmcipaUy  dodecahedrons  with  trapezohedral  faces 
slightly  developed.  In  cross  section  they  show  concentric  structure  resembling  banded  agate, 
bemg  made  up  of  yeUow  to  pale-green  and  red  bands  which  represent  slight  changes  in  com- 
position occurring  during  the  growth  of  the  crystals.  Partings  parallel  to  the  dodecahedral 
faces  between  zones  of  different  colors  indicate  an  interruption  in  growth,  and  some  of  the 
partings  contain  tliin  layers  of  calcite.  (See  PI.  \TII,  G.)  The  crystals  range  in  size  from  a  few 
millimeters  to  5  centimeters  and  many  of  them  are  twinned.  In  color  the  garnets  differ  greatly, 
presenting  several  shades  of  green,  yeUow,  and  brown.  The  crystal  faces  show  subadamantine 
luster,  though  the  masses  have  a  rather  greasy  luster.  To  determine  the  variety  of  tliis  massive 
garnet  samples  were  submitted  for  analysis.  The  results  of  these  analyses  and  of  analyses  of 
garnet  fi-om  other  localities  are  presented  in  the  following  table: 

Analyses  of  garnet  occurring  in  contact  deposits. 


1 

2 

3 

4 

5 

6 

SiO.    

33.18 

5.15 

25.05 

.40 

.09 

33.36 

.42 

None. 

36.26 

.78 

32.43 

.32 

None. 

29.67 

.57 

None. 

None. 

.06 

.27 

37.79 
11.97 
15.77 
1.31 

.37 
32.57 

.09 

37.15 
6.98 
19.40 

35.5 

40.0 

22.7 

31.5 

32.44 

33 

37.3 

4.20 

.31 

99. 65 

99.67 

100. 18 

100. 60 

100 

100 

1.  Garnet  rock,  Jumbo  mine,  Prince  of  Wales  Island,  Alsiska.    .Analyst,  W.  T.  Schaller. 

2.  Garnet,  Morenci,  Ariz.,  U.  S.  Geol.  Survey  Prof.  Paper  43,  p.  134.    Analyst,  Geor^j  Steiger. 

3.  Massive  brow Q  garnet,  White  Knob,  Idaho,  Econ.  Geology,  vol.  2,  No.  ijp.  7. 

4.  Garnet,  San  Jose,  Me.xico.,  .Vm.  Inst.  Min.  Eng.  Trans.,  vol.  36,  p.  92. 

5.  Typical  composition  of  andradite. 

6.  Typical  composition  of  grossularite. 


The  above  analyses  show  that  the  larger  percentage  of  the  garnet  associated  wdth  contact 
deposits  is  andradite  and  not  grossularite. 

The  masses  of  garnet  are  confined  principally  to  the  contacts  of  Umestone  of  nearly  pm'e 
calcium  carbonate,  with  igneous  rocks,  suggesting  that  a  vast  amount  of  foreign  material  has 
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been  introduced  along  the  intrusive  contacts.  'Where  the  intrusives  invade  a  quartzite  country 
rock  the  garnet  forms  bauds  in  the  siUceous  beds,  many  of  the  bands  extending  thousands  of 
feet  from  the  contact.  At  Copper  Mountain  the  garnet  forms  a  massive  belt,  25  to  150  feet  wide, 
between  the  intrusive  diorite  and  the  limestone  country  rock  and  occurs  in  veins  crosscutting 
the  limestone  beds  and  penetrating  the  intrusive  rock.  The  belt  includes  small  masses  of 
chalcop;yTite,  magnetite,  and  pyrrhotite,  which  constitute  the  copper  ores. 

Besides  occurring  disseminated  in  tlie  contact  deposits  and  in  veins, 'garnet  is  a  primary 
mineral  in  some  of  the  pegmatitic  pliases  of  tlie  diorite,  where  it  has  invariably  been  observed 
to  be  isotropic  in  thin  sections.     In  its  other  occurrences  it  is  more  or  less  doubly  refracting. 

Epidote. — Epidote,  a  calcium-u-on-aluminum  silicate,  occurs  principally  as  a  gangue  mineral 
in  the  contact  deposits,  in  places  forming  large  crystal  aggivgates  mth  garnet  quartz  and  calcite. 
(See  PI.  VIII,  D.)  These  crystals  are  large  and  brilliant,  being  usually  dark  gieen  with  hght- 
gresn  reflections.  Many  of  them  are  twinned,  showing  striated  faces,  and  in  certain  instances 
are  truncated  at  both  ends  with  numerous  faces.  The  most  perfect  of  these  crystals  were  found 
on  the  Green  Monster  Mountain  on  the  east  side  of  the  Copper  Mountain  intrusive  mass.  Spec- 
imens of  these  epidote  crystals  were  described  as  follows  by  Dr.  Charles  Palache,'  of  the  Harvard 
Mineralogical  Laboratory: 

The  specimens  at  hand  consist  of  several  loose  and  a  magnittcent  cluster  of  large  crystals  implanted  on  massive 
epidote.    The  only  associated  mineral  is  quartz  in  small  clear  crystals  of  later  formation  than  the  epidote. 

The  epidote  is  very  dark  green  to  greenish  black  in  color,  but  oil-green  and  translucent  in  thin  crystals  or  where 
bruised  or  cracked.  Tlie  larger  crystals  are  in  the  form  of  nearly  square  tables,  -which  measure  as  much  as  5.5  centi- 
meters each  way  and  3  centimeters  in  thickness.  In  the  smaller  crystals  the  tabular  habit  is  less  pronounced,  and  the 
mineral  sometimes  assumes  the  ordinary  prismatic  habit  parallel  to  the  6  axis.  The  crystals  are  not  infrequently 
doubly  terminated.  In  the  large  group  to  which  reference  was  made  about  20  of  the  tabular  crystals  are  found  on 
a  surface  measuring  about  15  by  20  centimeters,  several  of  the  crystals  being  over  3  centimeters  on  an  edge,  and 
attached  by  an  edge  in  such  fashion  as  to  present  an  appearance  altogether  foreign  to  epidote.  The  crystals  are 
frequently  twinned  according  to  the  ordinary  law  for  epidote,  the  twinning  plane  being  the  orthopinacoid. 

To  this  Dr.  Palache  adds  a  list  of  crystallographic  forms  determined  on  the  crystals  and 
illustrates  these  by  drawings.  In  conclusion  he  states  that  the  Alaska  epidote  ranks  among 
the  fhiest  occurrences  of  American  crystaUized  minerals  and  is  surpassed  in  the  size,  beauty, 
and  complexity  of  its  crystals  only  by  the  epidote  from  Knappenwand,  in  the  Tyrol. 

Quartz. — The  mineral  quartz  (silicon  dioxide),  which  is  easily  distinguished  by  its  glassy 
appearance,  is  not  so  abundant  in  this  district  as  in  most  minerahzed  I'egions.  In  the  contact 
deposits  it  occurs  only  in  small  amounts  and  is  generally  well  crystaUized  and  associated  with 
crystals  of  garnet  and  epidote.  (See  PI.  VIII,  D.)  Many  of  the  crystals  are  doubly  terminated 
and  some  are  very  large,  the  largest  noted  being  10  centimeters  long.  The  cjuartz  is  usually 
superposed  on  the  garnet  and  epidote  crystals  and  also  surrounds  the  ore  minerals,  thus  indi- 
cating that  it  was  the  last  mineral  to  form. 

In  the  vem  deposits  it  is  associated  with  calcite,  both  minerals  occurring  with  the  ore  or 
in  veinlets  that  intersect  the  ore  veins. 

In  the  Jumbo  mine  a  cleavable  variety  of  cjuartz,  containing  numerous  minute  needles  of 
hornblende,  is  associated  with  chalcedony. 

Calcite. — Calcium  carbonate  (calcite),  commonly  Iviiown  as  carbonate  of  hme,  is  of  wide- 
spread occurrence.  It  is  readily  recognized  bj^  its  perfect  cleavage  and  its  softness.  Calcite  is 
particularly  prominent  in  the  contact  deposits  and  also  occurs  in  the  vein  deposits.  Wliere  it 
is  associated  with  garnet  and  epidote  it  is  usually  of  later  formation  and  in  many  places  fills  the 
interstices  between  crystals  of  these  minerals.     (See  PI.  IX,  A,  B.) 

Diopside. — Diopside,  a  calcium-magnesium  p\Toxene,  is  a  prominent  gangue  mineral  of 
the  contact  deposits  and  is  one  of  the  prmcipal  constituents  of  the  contact  rock.  In  appearance 
it  resembles  epidote,  for  which  it  is  often  mistaken.  Its  color  ranges  from  pale  to  deep 
green  and  it  is  generally  scattered  through  the  rock  in  minute  crystals  and  grains,  or  it  forms 
aggregates  of  needle-shaped  crystals  in  veinlets  and  immediately  at  the  borders  of  the  contact 
rock.     (See  PL  VII,  C.) 

1  Am.  .\cad.  .\rts  and  Sci.  Proc,  vol.  37,  No.  19,  pp.  531-535,  March,  1902. 


PLATE  IX. 

A.  Massive  contact  rock  from  contact  zone  on  Jumbo  claim  No.  4.     lu  the  groundmass  of  garnet-diopside  and  calcite 

are  large,  irregular  crystals  of  garnet,  which  show  marked  zonal  structure.  This  specimen  contains  some 
pyrite  and  pyrrhotite.     c,  Calcite;  e,  epidote;  g.  garnet;  dg,  calcite,  diopside,  garnet. 

B.  Contact  rock  showing  vein  structure.     This  rock  is  made  up  essentially  of  garnet,  diopside,  and  some  calcite 

and  is  traversed  by  veinlets  bordered  with  garnet  crystals  and  filled  with  calcite,  which  was  introduced 
subsequent  to  the  formation  of  the  garnet,  g.  Garnet  showing  zonal  structure;  p,  pyrite;  ch,  chalcopyrite; 
dg,  calcite,  diopside,  garnet. 
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Scapolite. — Scapolite,  a  calcium-aluminum  silicate  containing  sodium  and  chlorine,  occurs 
in  veins  in  the  vicinity  of  the  ore  deposits  in  prismatic  crystals  1  inch  or  2  inches  in  length,  with 
rough,  uneven  faces,  and  varies  from  white  to  gray  in  color.  It  also  replaces  feldspar  in  the 
diorite  near  certain  contacts.  It  was  found  only  in  the  vicinity  of  the  Copper  Mountain  depos- 
its and  is  not  common.     (See  Pis.  VII,  A,  and  VIII,  B.) 

Amphihole. — The  hornblende  variety  of  amphibole,  a  calcium-magnesium-h'on  sihcate,  is 
a  common  but  not  abundant  gangue  mineral  in  some  of  the  copper  contact  deposits.  At  the 
Jumbo  No.  1  mine  it  forms  clusters  of  crystals  in  the  magnetite  ore.  It  is  also  present  in  tlie 
older  schists  which  have  been  altered  by  the  contact  rock.     (See  Tremolite,  below.) 

Wollastonite. — The  metasihcate  of  calcium,  wollastonite,  forms  radiating  clusters  of  crystals 
in  the  garnet  and  diopsidc  contact  rock.  It  also  occure  in  finely  radiating  crystals  in  the  lime- 
stone and  c(uartzites  and  in  the  diorite  a  short  distance  from  the  intrusive  contact.  It  belongs 
mth  the  minerals  of  the  contact  deposits,  but  its  occurrence  away  from  the  contacts  suggests 
that  the  heat  required  for  its  formation  was  not  so  great  as  that  recjuired  to  produce  the  garnet 
and  diopside,  which  occur  at  the  contacts. 

Or'thoclase. — Orthoclase  is  intimately  associated  with  diopside,  garnet,  and  calcite  (see  PI. 
X,  C);  it  appears  both  in  compact  masses  that  show  no  cleavage  and  in  cleavable  grams.  Its 
occurrence  in  grains,  however,  is  rare.  The  variety  adularia  occurs  in  druses  at  the  Jumbo 
mine  in  well-formed  crystals  nearly  a  centimeter  long.  Quartz  and  biotite  crystals  incrust 
much  of  the  adularia.     (See  PI.  VIII,  F.) 

Biotite. — Biotite  occurs  as  a  later  mineral  in  the  veins  with  adularia  at  the  Jumbo  mine. 

Dolomite. — C-avities  in  the  contact  rock  have  furnished  a  few  small  specimens  of  dolomite 
in  rhombohedral  crystals. 

Spinel. — Small  octahedral  crystals  of  the  dark-green  spinel,  pleonast,  were  observed  accom- 
panymg  the  clear  diopside  in  the  Green  Monster  mine. 

Serpentine. — Serpentine  appears  in  two  very  different  forms — (1)  as  irregular  yellowish, 
sUckensided  masses  in  the  dolomitic  limestone,  and  (2)  as  small,  globular,  radial-librous  aggre- 
gates evenly  distributed  through  the  hmestone.  The  aggregates  are  almost  microscopic  in 
size  and  are  nearly  white.  One  specimen  of  limestone  containing  about  30  per  cent  of  these 
spherules  could  not  be  distinguished  in  color  from  a  pure  limestone. 

Tremolite. — Tremohte  occurs  as  loose  felty  masses  of  slender  wliite  fibers  in  the  limestone 
at  the  Green  Monster  claim.     It  was  also  noted  at  other  locaUties,  but  only  in  small  cpiantities. 

Talc. — Talc  was  one  of  the  last  minerals  to  form  in  some  of  the  veins  and  is  found  in  druses 
of  quartz;  also  along  sUpping  planes  in  the  ore  bodies. 

Zoisite. — Zoisite  is  usually  associated  with  epidote,  the  two  minerals  in  some  places  growing 
side  by  side  apparently  contemporaneously.  Clusters  of  pink  zoisit-e  were  also  noted  in  veins  of 
diopside. 

Clinochlore . — Druses  probably  containing  clinochlore,  a  soft  greenish-blue  micaceous  mineral, 
were  observed  in  the  ore  masses  of  the  Jumbo  No.  4  claim.  This  mineral  is  a  hydrous  sihcate 
of  magnesium  and  aluminum  and  is  of  secondary  origin. 

Zeolites. — Tlu-ee  varieties  of  zeohtes  were  collected  in  the  Copper  Mountain  area,  namely, 
stilbite,  chabazite,  and  heulandite,  all  hydrosiUcates  of  aluminum  with  calcium  and  sodium. 
They  were  found  in  cavities  formed  in  the  tongue  of  contact  rock  just  south  of  Summit  Lake. 
They  are  secondary  minerals  occurring  as  druses  with  garnet  and  epidote  crystals.  The  stilbite 
(see  PI.  X,  A)  occurs  in  characteristic  sheaf-hke  aggregates  and  the  chabazite  in  nearly  cubic 
rhombohedrons  about  a  c[uarter  of  an  inch  in  diameter.  Heulandite  was  also  noted  in  the  form 
of  flakes  upon  the  stilbite  crystals. 

MINING  IN  THE  COPPER  MOUNTAIN  AREA. 
GENERAL    CONDITIONS. 

Copper  is  now  (1908)  being  produced  by  only  one  large  mine  in  the  Copper  Mountain 
area — the  Jumbo  mine,  belonging  to  the  Alaska  Industrial  Co.     In  past  years  the  mines  of  the 


PLATE  X. 

A.  Groups  of  crystals  of  stilbite,  which  occurs  with  chabasite  in  druses  in  the  garnet-diopside-calcite  contact  rock. 

Specimen  from  tongue  of  contact  rock  south  of  Summit  Lake. 

B.  Specimen  from  pegmatite  dike  in  granite  on  Jumbo  claim  No.  4,  showing  quartz  and  feldspar  and  small  dissemi- 

nated crystals  of  garnet. 

C.  Orthoclase  with  epidote  and  some  calcite  from  veinlet  in  contact  rock  on  New  York  claim,  Copper  Moimtain 

group,     c,  Calcite;  e,  epidote;  o,  orthoclase. 

D.  Malachite  from  surface  workings  on  New  York  claim  of  Copper  Mountain  group.     Underneath  the  coating  of 

malachite  there  is  some  azurite  and  cuprite,  with  limonite. 
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A.     SMELTER  AND  SAWMILL  AT  HEAD  OF  COPPER  HARBOR. 

An  aerial  tramway  leads  from  the  mine  workings  to  the  smelter.      Photograph  by  Winter  &.  Pond. 


HETTA    MOUNTAIN     FROM     HEAD    OF    COPPER    HARBOR. 

Photograph  by  Winter  &.  Pond. 
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Alaska  Copper  Co.  also  have  been  productive,  and  small  sliipments  of  copper  ore  have  been 
made  from  the  Corbin  and  Copper  City  mines.  Most  of  the  ore  sliipped  from  these  mines  contains 
over  100  pounds  of  copper  and  a  few  dollars'  worth  of  gold  and  silver  per  ton.  The  quantity  of 
ore  mined,  however,  is  relatively  small,  and  the  underground  workings,  except  those  of  the 
Jumbo  mine,  are  not  extensive.     Mining  presents  no  serious  difficulties,  as  most  of  the  deposits 


5^  Mine 


X  Prospect 


Figure  1— Sketch  map  of  the  Copper  Mountain  area  showing  location  or  principal  mines  and  prospects  in  1908.  1,  Jumbo  mine,  Alaska 
Industrial  Co.;  2,  Copper  Mountain  mines,  Alaska  Copper  Co.:  3,  Green  Monster  claims,  Alaska  Industrial  Co.:  4,  Hetta  Mountain  claims; 
5,  Corbin  mine,  Alaska  Metals  Mining  Co.;  6,  Houghton  claims.  Cuprite  Copper  Co.;  7,  Sultana  claims. 

are  located  well  up  on  the  mountain  sides,  so  that  they  can  be  developed  by  short  tunnels,  and 
the  distance  from  the  sea  to  most  of  the  mines  is  only  a  few  miles. 


EARLY    DISCOVERIES. 


Mining  development  on  Copper  Mountain  began  in  1897,  though  the  existence  of  copper 
ores  in  tliis  region  was  known  some  years  before  by  tlie  natives  who  fished  and  hunted  along  the 
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coast.  Tho  fii-st  miniiig  claims  were  located  on  tlio  lidgo  just  west  of  Copper  Mountain  peak, 
where  copper  carbonate  and  other  oxidized  ores  outcrop.  These  claims  were  staked  and  recorded 
by  Charles  Rejaiolds  and  Thonaas  Wright  in  tho  autumn  of  1897.  In  the  same  year  tlie  deposits 
in  the  Jumbo  Basin  were  discovered  by  Aaron  SheUliouse,  but  they  were  not  recorded  until  the 
foUo\ving  spring.     In  1898  many  other  claims  were  located  on  Copper  Mountain,  and  also  on 

Green  Monster  Mountain,  to  the 
east,  and  on  Hetta  Mountaia,  to 
the  south.  Tlie  first  man  to  in- 
terest capital  in  developing  the 
Copper  Mountam  properties  was 
Henry  W.  MeUan,  through  whose 
efforts  the  Alaska  Copper  Co.  was 
formed,  and  development  work 
was  started  in  1S99. 

The  Jumbo  Basm  deposits,  on 
the  west  slope  of  Copper  Moun- 
taia, were  visited  in.  1899  by 
WiUiam  Sulzer,  who  recognized 
their  value  and  formed  the  Alaska 
Industrial  Co.  to  develop  these 
deposits. 

Many  other  claims  were  located 
in  the  vicinity  of  Copper  Moun- 
tam between  1900  and  1903, in- 
cluding the  Corbin,  Houghton, 
Hetta  Mountain,  and  the  Sultana 
group. 

THE  MINES. 
ALASKA  COPPER  CO. 

Location,  offroperty. — Tire  group 
of  dauns  belonging  to  the  Alaska 
Copper  Co.  occupies  the  south 
slope  of  Copper  Mountain,  ex- 
tending from  tidewater  at  Cop- 
per Harbor  to  the  crest  of  the 
ridge  at  an  elevation  of  3,500  feet.  (See  fig.  2.)  There  are  18  claims  in  the  origmal  group, 
though  developments  have  been  advanced  mainly  on  the  New  York  and  Indiana  claims,  which 
are  on  the  top  of  the  ridge. 

Development. — The  first  developments  were  made  by  means  of  open  pits  on  the  outcrops  of 
the  ore  deposits  along  the  ridge,  at  altitudes  of  3,300  and  3,400  feet.  The  lower  of  these  outcrops 
is  now  (1908)  on  the  New  York  claim,  and  tunnels  200  and  700  feet  in  length  have  been  driven  at 
levels  150  and  300  feet  below  the  open  pit  to  explore  the  deposit.  Tliese  tumiels  are  connected 
by  raises.  Some  sloping  doire  in  the  tunnels  showed  that  the  ore  was  irregular  in  its  occurrence 
and  that  it  consisted  of  ricli  pockets  of  copper  carbonate.  In  the  low  tminel  the  carbonate  ore 
is  replaced  by  sulphides,  which  are  more  disseminated  in  the  garnet  gangue  rock,  though  the  rock 
contains  also  carbonate  ores.  This  deposit  has  been  explored  at  stiU  greater  depth  by  a  tunnel 
3,000  feet  long,  this  measiu-ement  includmg  crosscuts.  This  tunnel  is  nui  at  an  elevation  of  2,350 
feet  and  undercuts  the  surface  outcrops  of  the  ore  deposit  at  a  depth  of  nearly  1,000  feet.  It 
foUows  the  contact  zone  of  the  diorite,  fu'st  with  cjuartzite  and  next  with  limestone,  and  the 
tunnel  itself  zigzags  from  one  contact  to  the  other,  usually  keeping  within  the  contact  rock. 
Its  general  course  is  northeasterly  to  a  point  1,400  feet  from  its  mouth,  where  it  branches, 
the  left  or  northwestern  branch  continuing  for  several  hundred  feet  along  the  contact  to  a 


2.  Workings  on 
Indiana  claim 

3.  Exploratory  tunnel 
2,000  feet  long 

4.  Gould  prospect 

5.  Iron  Crown 
prospect 

6.  Smelter  plant 

7.  Sawmill  plant 


Figure  2. — Sketch  map  showing  geology  and  mine  workings  on  property  ot  Alaska  Copper 
Co.  and  adjacent  mining  claims  in  1908. 
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point  almost  directly  under  the  surface  outcrop  on  the  New  York  claim  and  the  northeastern 
branch  penetrating  the  massive  granite  belt  for  700  feet  toward  the  Indiana  lode.      (See  fig.  3.) 

Tlie  principal  developments  on  the  Indiana  claini  are  at  a  pomt  SOO  feet  northeast  of  the 
open  pit  on  the  Xew  York  clahn  and  at  an  elevation  of  3,500  feet.  Here  a  large  open  pit  has 
been  made  and  tunnels  have  been  driven  at  different  points,  from  40  to  220  feet  below  the  level 
of  the  pit,  to  investigate  the  deposit  in  depth.  These  openings  are  all  in  the  contact  rock  and 
include  about  600  feet  of  exploratory  timnels,  crosscuts,  and  raises,  but  only  small  masses 
of  minable  ore  have  been  foimd  m  them.  An  eastward  extension  of  the  timnel  at  the  2,500- 
foot  level  would  probably  traverse  the  same  contact  rock  at  a  depth  of  1,150  feet  below  the  sur- 
face. From  the  Indiana  workings  a  sm-face  tram,  1,400  feet  long, 
extends  around  the  mountain  to  the  New  York  claim,  from  which 
an  aerial  tram  extends  to  Copper  Harbor.  Pits,  trenches,  and  short 
tunnels,  most  of  them  in  the  contact  rock,  have  disclosed  some  ore 
on  other  claims  belongmg  to  this  group,  but  no  large  masses  have 
been  found  on  these  claims  and  the  work  done  on  them  has  been 
small.  The  total  mine  development  up  to  the  time  the  mine 
closed  in  1907  consisted  of  about  4,200  feet  of  tmuiels  and  500 
feet  of  shafts  and  raises,  besides  many  open  pits.  The  ore  mined 
has  been  taken  principally  from  the  upper  workings  on  the  New 
York  claim. 

Smelter. — The  smelting  plant  stands  close  to  tidewater  at  the 
head  of  Copper  Harbor.  It  consists  of  a  2o0-ton  Allis-Chalmeis 
blast  furnace,  ore  bins  of  2,500  tons  capacity,  coke  bms  of  1,200 
tons  capacity,  and  a  sampling  mill,  besides  the  usual  apphances  for 
granulating  and  removing  slag.  (See  PI.  XI,  A.)  The  ore  from 
the  mine  workings  is  delivered  to  the  sampling  mill  bin  by  an  aerial 
tramway  6,000  feet  long,  and  the  ore  shipped  to  the  smelter  is  un- 
loaded on  the  wharf  into  receiving  bunkers  of  1,000  tons  capacity, 
from  which  it  is  drawn  off  into  cars  and  hoisted  on  an  inclined 
tramway  to  the  sampling  mill. 

In  addition  to  the  smelting  plant  there  is  a  sawmill,  machine 
shop,  store  and  warehouse,  assay  office,  and  compressor  plant. 
The  power  required  for  the  smelter  and  compressor  plant  was 
derived  from  Reynolds  Creek,  the  water  being  transmitted  1,000 
feet  by  a  22-inch  pipe  Ime  to  two  300-horsepower  Pelton  wheels. 

The  smelter  was  fu-st  blown  in  for  a  run  in  June,  1905,  and 
was  operated  for  short  periods  durmg  1906  and  1907.  The  mines 
above  the  smelter  did  not  furnish  enough  ore  for  the  furnace  and 
for  fluxing  and  it  became  necessary  to  go  to  other  mines  for  ore. 
The  Rush  &  Brown  mine,  on  the  east  coast  of  the  island,  was  there- 
fore leased  by  the  Alaska  Copper  Co.,  and  small  lots  of  ore  were 
pin-chased  from  other  mines  on  Prince  of  Wales  Island.  The  smelter  was  rim  at  intervals  on 
these  ores  until  early  in  1907,  when  it  was  shut  down,  and  no  attempt  has  yet  been  made  (1912) 
to  operate  it  again. 

Ore  deposits. — The  two  principal  ore  deposits  that  have  been  developed  on  the  New  York 
and  Indiana  claims  are  contact  deposits  separated  from  one  another  by  a  belt  of  dioiite  SOO 
feet  wide.  Along  both  sides  of  this  belt  of  intrusive  rock  lie  zones  of  contact  rock,  composed 
essentially  of  garnet-diopside  and  epidote,  and  in  these  zones  the  ore  is  found  either  scattered 
or  in  concentrated  masses.  At  the  surface  workings  on  the  New  York  claim  a  mass  of  rich  ore 
occurs  in  the  contact  rock  between  the  diorite  and  limestone,  the  limestone  forming  the  hanging 
wall.  (See  PI.  VI,  B,  p.  32.)  Most  of  the  copper  ore,  which  was  originally  chalcopjn  ite,  has  been 
altered  to  copper  carbonates  and  limonite,  and  these  secondary  ores  have  spread  out  into  the 
somewhat  fractured  limestone  hanging  wall.     This  spreading,  which  is  attributed  to  the  action 


FiGTJKE  3. — Plan  of  long  tunnel  of  Copper 
Mountain  mine,  showing  rocks  near 
contact  zone. 
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of  nieteoiic  waters,  in  few  places  extends  more  than  50  feet  into  the  hanging  wall.  On  the 
surface  this  oi'e  mass  appeared  to  be  extensive,  but  in  the  tunnels  helow  the  surface  pit  it  was 
rather  small,  and  in  the  long  tunnel  that  follows  the  contact  for  2,000  feet  only  scattered  chal- 
copyi'ite  was  found  and  no  minable  ore.  (See  fig.  3.)  In  the  upper  tunnels  the  secondary  ores 
were  less  prominent  than  in  the  surface  pit  and  in  the  long  tunnel  they  were  entirely  absent.  The 
contact  rock  exposed  along  the  surface  and  in  the  long  tunnel  ranged  in  width  from  a  few  feet  to 
50  feet.  In  two  places  veins  of  this  contact  rock  that  occupied  fissures  in  the  diorite  had  been 
followed  for  short  distances  by  crosscuts  from  the  main  timnels.  The  contact  rock  contained 
inclusions  of  both  the  limestone  and  the  quartzite.  Faulting  and  sHpping  planes  were  observed 
within  the  contact  rock,  but  the  displacements  along  these  were  slight. 

The  contact  deposit  on  the  Indiana  claim  is  on  the  eastern  contact  of  the  diorite  belt. 
Quartzite  and  amphibolite  cut  by  numerous  quartz  stringers  form  the  hangmg  wall,  though  the 
contact  rock  includes  masses  of  limestone.  The  garnet  and  epidote  minerals  of  the  contact 
rock  have  penetrated  and  altered  these  quartzites  for  a  few  hundred  feet  away  from  the  contact. 
The  ore  exposed  in  the  open  pit  and  tunnels  is  similar  to  that  on  the  New  York  claim,  though  it  is 
less  concentrated,  and  the  valuable  metals  it  contains  are  more  scattered.  The  ore  mined  from 
this  deposit  contained  only  a  little  copper  and  from  $1  to  $2  in  gold  and  silver.  At  both  the 
New  York  and  Indiana  contact  deposits  there  is  a  gradual  change  or  blending  of  the  contact 
rock  and  ore  into  the  diorite,  due  to  replacement  of  the  minerals  composing  the  diorite  by  those 
composmg  the  contact  rock.  This  zone  of  partial  replacement  is  generally  from  2  to  5  feet 
wide.     The  contact  action  is  fully  discussed  under  a  separate  heading  (p.  102). 

ALASKA  INDtrSTRIAL  CO. 

Location  of  properties. — ^The  present  (1908)  holdings  of  the  Alaska  Industrial  Co.  in  the 
Copper  Mountain  area  include  the  Jumbo  group  (29  claims)  and  the  Green  Monster  group 
(14  claims)  located  on  Green  Monster  Mountain.  (See  PI.  IV,  A,  p.  29.)  The  mining  develop- 
ments here  described  include  only  those  made  up  to  1908.  Since  then  some  other  notable 
advances  have  been  made. 

JUMBO    GROUP. 

The  claims  of  the  Jumbo  Group  occupy  the  slopes  of  Jumbo  basin,  on  the  northwest  side  of 
Copper  Mountain.  These  claims  extend  from  a  point  500  feet  in  elevation  and  a  mile  from 
tidewater  nearly  to  the  mountain  summit,  wliich  stands  at  an  elevation  of  3,946  feet.  The 
main  deposits  being  explored  Ue  at  elevations  between  1,500  and  1,900  feet,  on  the  east  slope 
of  Jumbo  Basin,  on  Jumbo  claims  Nos.  1,  lA,  and  2,  and  between  elevations  of  1,500  and  2,000 
feet  on  Jumbo  claims  Nos.  4  and  14.  Practically  all  the  ore  mined  and  shipped  has  been  taken 
from  the  deposits  on  Jumbo  claim  No.  4. 

Detielopment. — The  deposits  included  in  the  Jumbo  group  were  first  exploited  in  1902, 
and  during  succeedmg  years  numerous  prospect  tunnels  were  driven  and  test  pits  simk  on  the 
different  claims.  After  a  promising  ore  body  had  been  opened  on  claims  Nos.  4  and  14,  located 
at  elevations  of  1,700  and  2,050  feet  above  sea  level,  it  was  necessary  to  devise  a  means  of 
transporting  the  ore  to  tidewater.  For  tlus  purpose  a  Riblett  aerial  tram  8,250  feet  long  and 
an  additional  tram  600  feet  long  were  erected  in  1905-6,  thus  comiectmg  the  beach  with  the 
lower  tunnel  of  the  mine  workings,  1,700  feet  above  sea  level.  At  the  beach  a  wharf  with  a 
frontage  of  150  feet  was  built  and  ore  bins  of  4,000  tons  capacity  were  erected.  While  this 
work  was  in  progress  the  development  of  the  ore  deposits  was  advanced,  and  early  in  1907 
shipments  of  the  ore  to  the  Tyee  smelter,  in  British  Columbia,  were  begun.  In  1908  the 
mine  workings  on  Jumbo  claim  No.  4  consisted  of  four  tumiels  at  elevations  between  1,570  and 
1,950  feet,  and  an  open  cut  at  an  elevation  of  2,050  feet.  (See  fig.  4.)  The  main  working 
tuimel,  or  tunnel  No.  3,  is  at  an  elevation  of  1,700  feet.  At  a  point  180  feet  from  its  mouth 
a  130-foot  vertical  raise  connects  tliis  tumiel  with  the  stopes  in  the  ore  body  and  with  tumiel 
No.  2.  At  a  pomt  40  feet  above  tunnel  No.  3  a  stope  has  been  extended  to  the  west  and  30 
feet  above  tliis  an  exploratory  drift  has  been  run  eastward  into  the  ore.    The  floor  of  the  main 
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stone  is  100  feet  above  the  level  of  tumiel  Xo.  3.     This  stope  is  240  feet  long,  10  to  40  feet  mde, 
and  extends  for  30  feet  above  the  level  of  tunnel  No.  2.     A  second  sulphide  body,  separated 


FiGUKE  4 -Geologic  sketch  map  showing  surface  geology  and  mine  developments  (1908)  on  J.unbo  claim   No.  4. 
ABC,  line  o!  cross  section,  figure  5. 

from  the  main  deposit  by  40  feet  of  eontact  rock,  has  been  opened  on  level  No.  2,  northeast  of 
the  main  deposit,  and  h.ls  yielded  a  large  quantity  of  ore.     The  ore  from  these  two  ore  bodies 
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goes  through  the  raise  to  tunnel  No.  3,  where  it  is  trammed  to  the  upper  terminal  of  the  aerial 
tramway,  from  wliich  it  is  carried  to  the  ore  bunkers  at  the  shore. 

The  southeastern  extension  of  these  deposits  is  bemg  explored  by  tunnels  in  Canyon  Creek. 
In  tunnel  No.  4,  which  is  at  an  elevation  of  1,570  feet,  just  above  the  upper  terminal  of  the 
tramway,  two  small  ore  bocUes  were  crosscut  and  yielded  a  small  quantity  of  ore.  These  bodies 
may  represent  the  northwestern  extension  of  the  two  ore  deposits  opened  in  tumiel  No.  2. 
This  level  is  being  advanced  to  undercut  the  raise  in  tunnel  No.  3  and  wiU  eventually  serve  as 
a  passageway  for  aU  the  ore  mined  from  the  workings  above,  thus  ehminating  the  necessity 
of  the  auxiliary  tramway  from  tunnel  No.  3. 

The  uppermost  workings  consist  of  an  open  cut  across  a  width  of  200  feet  at  an  elevation 
of  2,050  feet,  on  Jumbo  claim  No.  14.  In  this  cut  the  irregularity  and  sporadic  occurrence 
of  the  ore  is  well  shown.  At  one  point  a  face  of  massive  sulphide  ore  6  feet  across  is 
surrounded  by  barren  gangue  rock;  at  other  points  sulphides  were  finely  disseminated  in  the 
rock  in  sufficient  amounts  to  make  a  minable  ore. 

The  developments  on  Jumbo  claim  No.  1  have  been  extensive  and  have  exposed  a  large  body 
of  low-grade  ore.  The  uppermost  workings  are  at  an  elevation  of  1 ,890  feet  and  consist  of  an 
open  cut  exposing  considerable  copper  carbonate  and  Umonite  ore  in  the  contact  rock.  This 
carbonate,  however,  does  not  extend  to  a  great  depth.  Just  below  tliis  cut  the  deposit  is  exposed 
in  a  steep  bluff  100  feet  high  and  100  feet  wide,  along  the  foot  of  wliich  the  ore  consists  of 
masses  of  sulpliides  accompanied  by  magnetite.  Below  antl  west  of  this  point,  at  an  elevation 
of  1,660  feet,  a  tunnel  crosscuts  the  hmcstone  hanging  wall  and  enters  the  contact  rock,  which 
at  that  point  was  barren.  Another  larger  bluff  of  ore  is  exposed  east  of  this  tumiel,  at  an  eleva- 
tion of  1,580  feet,  on  Jumbo  No.  2  claim.  Tliis  deposit,  known  as  the  magnetite  body,  has 
been  undercut  by  two  tuimels,  one  at  1,540  and  the  other  at  1,480  feet.  The  upper  tuimel 
starts  in  the  magnetite  deposit,  penetrates  it  for  50  feet,  and  enters  the  diorito  footwall  for 
6  feet.  The  contact  between  the  ore  body  and  the  footwall  showed  a  gradation  from  the  con- 
tact rock  and  the  intrusive  rock,  though  the  gradation  was  rather  abrupt.  Near  the  contact 
the  ore  is  of  fine  texture,  is  rich  in  diopside  and  magnetite,  and  contains  disseminated  sulphides, 
whereas  at  the  entrance  to  the  tunnel  the  gangue  is  essentially  garnet  and  cslcite,  with  small 
masses  of  chalcopyrite.  The  lower  tunnel  crosscuts  the  limestone  hanging  wall  for  55  feet  and 
penetrates  the  ore  body  for  10  feet.  The  contact  between  the  ore  body  and  limestone  is  sharply 
defined.  The  downward  extension  of  this  ore  body  is  exposed  on  Jumbo  claim  No.  lA  by  two 
tumiels,  one  above  the  other,  at  elevations  of  750  and  840  feet.  The  upper  tumiel  crosscuts  a 
hanging  wall  of  schist  that  is  largely  replaced  by  the  contact  rock  and  enters  the  sulpliide  ore 
25  feet  from  its  mouth.  In  the  lower  tunnel,  which  is  240  feet  long,  the  hanging  wall  consists 
of  a  banded  quartzite  or  sihcified  schist,  which  grades  into  banded  contact  rock  containing 
disseminated  sulphides  and  magnetite.  The  inner  end  of  the  tunnel  extends  into  the  diorite 
footwall.  Tbe  contact  deposit  exposed  in  tliis  tunnel  is  100  feet  wide,  but  the  ore  in  it  is  scat- 
tered and  is  of  lower  grade  than  the  ore  exposed  in  the  upper  tunnels.  Explorations  on  Jumbo 
claim  No.  3,  wliich  lies  between  the  workings  on  Jumbo  clauns  Nos.  2  and  4,  have  exposed 
other  deposits  of  chalcopyrite  and  magnetite,  on  which  developments  are  being  advanced.  Dis- 
seminated deposits  of  sulphides  in  the  schists  have  been  exjjlored  by  tunnels  and  open  cuts 
on  Jumbo  clauns,  but  the  metallic  content  of  the  ore  exposea  was  low. 

Ore  deposits. — The  general  relations  of  the  rocks  of  tlois  area,  which  are  similar  to  those 
in  the  Copper  Mountain  group,  already  described,  are  presented  on  the  geologic  map  (PI.  I, 
p.  16)  and  in  the  sketches  of  the  mine  workings  (figs.  4  and  5).  The  main  diorite  mass  forms 
the  footwall  of  the  deposits,  the  hanging  wall  being  in  some  places  a  crystalhne  limestone  and 
in  others  a  sihcified  scliist  or  banded  quartzite  much  metamorphosed  and  varying  in  color 
from  gray  to  greenish  and  reddish. 

The  copper  deposits  being  mined  on  Jumbo  claim  No.  4  consist  of  irregular  bodies  of 
chalcopyrite-pyrrhotite  ore,  10  to  40  feet  wide  and  100  to  200  feet  long.  One  mass  has  been 
opened  for  a  depth  of  150  feet,  but  the  extent  of  the  others  is  not  known.     The  contact  zone 
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A-     MASS    OF    LIMESTONE    INCLOSED     IN     CONTACT     ROCK. 

Point  of  hammer  rests  on  reaction  rim  composed  essentially  of  amphibole. 

(See  PI.  VIII,  C.)      View  taken  just  below  tunnel  No.  1,  Jumbo  claim  No. 4. 
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B.     MASS    OF    CHALCOPYRITE    ORE    INCLOSED    IN    CONTACT     ROCK. 

Dark  patch  on  right  is  massive  chalcopyrite.     View  taken  just  above  mouth  of  tunnel  No.  2, 

Jumbo  claim  No.  4. 
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witliiu  wliich  these  masses  occur  (see  figs.  4  and  5)  lies  between  the  granitic  intrusive  and  a 
belt  of  limestone,  above  wliich  metamorphic  schists  appear.  This  minerahzed  zone  is  nearly 
surrounded  by  the  granitic  contact  and  in  this  respect  differs  from  the  other  contact  deposits. 
No  definite  line  of  separation  between  the  contact  rock  and  the  granitic  intrusive  can  be 
drawn,  as  the  mineral  solutions  appear  to  have  replaced  the  mineral  components  of  the  rock 
adjacent   to    the    contact.     The     ^  s  c 
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e  4,  showing  geology  and  mine  developments 
Jumbo  claim  No.  4. 


beds  of  limestone  on  the  hanging- 
wall  side  of  the  contact  zone  are 
fractured  and  faulted  and  masses 
of  hmestone  are  completely  in- 
closed in  the  contact  rock.  (See 
PI.  XII,  A.)  On  the  other  hand, 
masses  of  the  contact  rock  are 
surrounded  by  the  limestone,  sug- 
gesting the  replacement  of  the 
hmestone  by  ore -bearing  min- 
erals. The  contact  rock  is  com- 
posed mainly  of  garnet,  diopside, 
epidote,  and  some  calcite,  and 
these  minerals  are  in  places  so 
closely  associated  as  to  resemble 
a  compact  felsitic  rock,  so  that 
the  rock  might  be  mistaken  for  mtrusives 

felsite.  Near  the  ore  masses  the  figure  s.-cross  section  along  line  arc 
contact  rock  is  generally  coareely 
crystalUzed,  the  garnet,  epidote,  and  diopside  forming  aggregates  of  well-developed  crystals  and 
the  calcite  filUng  the  interstices  between  the  crystals.  In  the  ore  bodies  the  chalcopyrite 
occurs  in  small  masses  or  is  scattered  through  the  inclosing  contact  rock  and  is  associated  with 
pyrrhotite  and  pyrite.  Except  the  local  change  in  the  character  of  the  crystallization  of  the 
contact  rock  there  are  no  indications  witliin  the  contact  zone  that 
may  be  used  as  a  guide  in  the  search  for  these  ore  masses. 

The  ore  bodies  on  Jumbo  claims  Nos.  1  and  2,  though  similar 
in  most  respects  to  those  on  Jumbo  claim  No.  4,  contain  less  cop- 
per and  more  magnetite,  a  mineral  that  was  notably  absent  from 
the  deposit  on  the  Jumbo  No.  4.  The  ore  bodies  have  been  well 
exposed  by  erosion  over  broad  areas  and  in  places  are  in  the  form  of 
a  sheet  a  few  feet  wide  overlying  the  diorite  footwalls.  (See  fig.  6.) 
These  outcrops  occur  between  the  1,500  and  2,000  foot  contours, 
above  wluch  the  diorite  alone  was  observed.  The  width  of  the 
contact  rock  between  the  hanging  wall  and  footwall  varies  from 
10  to  100  feet,  though  in  places  the  diorite  and  limestone  lie  in 
direct  contact.  The  ore  bodies  witliin  tliis  contact  zone  are  from 
5  to  50  feet  in  width  and  a  few  hundred  feet  in  length.  They  have 
not  been  developed  to  any  considerable  depth.  The  ore  masses 
are  confined  to  the  diorite  footwall  and  are  sporadic  in  their 
occurrence,  though  they  are  connected  with  one  another  by  more  or  less  barren  gangue  or  con- 
tact rock.  The  average  ore  from  this  deposit  contains  a  liigli  percentage  of  iron  and  nearly 
sufficient  siUca  for  smelting.     (See  fig.  6.)     The  ore  carries  not  only  copper  but  gold  and  silver. 


Figure  6. — Cross  section  of  magnetite  de- 
posits on  Jumbo  claim  No.  2  (1908). 


GREEN    MONSTER   GROUP. 


Situation. — The  Green  Monster  group  of  claims  occupies  the  northern  and  western  slopes 
of  Green  Monster  Mountain,  2i  miles  east  of  Copper  Mountain  and  3  miles  from  the  tide 
flats  at  the  head  of  Portage  Bay,  from  which  a  route,  partly  by  trail  and  partly  by  boat,  crossing 
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two  lakes  each  half  a  mile  wide,  at  altitudes  of  (iOO  and  1,680  feet,  respectively,  leads  to  the 
principal  mine  workings,  at  an  elevation  of  2,800  feet.  Another  approach  to  these  claims,  also 
partly  by  trail  and  partly  by  boat,  is  from  Copper  Harbor,  as  indicated  on  the  map  (PI.  II,  p.  28) 
and  on  figm-e  1. 

Development. — Although  these  claims  were  located  in  1900,  developments  up  to  1908 
have  been  meager,  and  no  attempt  has  been  made  to  advance  the  exploration  beyond  the 
required  assessment  work.  Two  tunnels  have  been  driven,  each  65  feet  long,  one  on  Green 
Monster  claim  No.  1  and  the  other  on  Diamond  B.  claim.  On  the  lola  claim  a  pit  8  feet  deep 
has  been  sunk  and  trenches  have  been  dug  along  the  ore  body. 

Ore  hoclies. — Ore  bodies  at  the  contact  of  the  limestone  and  diorite  are  found  on  the  lola. 
Black  Warrior,  and  Diamond  B.  claims.  The  deposit  on  the  lola  claim  has  been  opened  by  a 
small  pit  and  by  surface  stripping  and  consists  of  a  mass  of  magnetite-chalcopvrite  ore,  10 
feet  wide,  inclosed  in  the  garnet-epidote  gangue,  which  at  this  point  occupies  a  width  of  about 
25  feet  between  the  limestone  hanging  wall  and  the  diorite  footwall.  Along  this  contact  other 
smaller  ore  masses  were  observed  on  the  lola  and  Black  Warrior  No.  2  claims,  but  they  were 
apparently  of  little  consequence.  On  the  Black  Warrior  claims  Nos.  1  and  5  similar  ore  deposits 
lie  adjacent  to  the  contact  of  the  diorite  and  limestone  and  in  a  black  slate  band  that  extends 
along  the  mountain  crest,  striking  N.  30°  W.,  but  these  deposits  have  not  been  prospected. 
On  the  Diamond  B.  claim  a  tunnel  65  feet  long  has  been  driven  along  the  contact  of  the  lime- 
stone with  a  porphyi-itic  dike  50  feet  or  more  in  width,  striking  N.  30°  E.  The  main  contact 
of  the  diorite  lies  about  150  feet  to  the  west.  The  face  of  the  tunnel  is  in  limestone  and  in 
the  tunnel  the  garnet-epidote  vein  rock  is  exposed  across  a  width  of  about  10  feet  and  for  a 
length  of  50  feet.  Small  masses  of  copper  sulphide  occur  in  this  contact  rock,  but  the  metal 
content  of  the  vein  as  a  whole  is  low. 

A  vein  deposit  filling  an  irregular  fissure  in  the  limestone  occurs  on  Green  Monster  claim 
No.  1.  This  vein  appears  to  be  an  offshoot  from  the  main  contact  zone  just  west  of  it.  The 
vein  is  undercut  by  a  tunnel  65  feet  long  and  is  exposed  by  trenches  for  250  feet  along  the  sm*- 
face.  The  vein  strikes  S.  20°  E.,  dips  vertical,  and  averages  6  feet  in  width.  The  copper  occurs 
in  small  masses  and  disseminated  particles  throughout  the  garnet-epidote-calcite  gangue. 
Associated  with  the  chalcopyrite  ore  is  pyrite,  and  in  places  along  the  surface  limonite,  mala- 
chite, and  azurite  occm*. 

A  third  type  of  mineralization  is  exposed  on  Black  Warrior  claim  No.  2,  where  a  narrow 
vein  containing  galena,  pyrite,  and  chalcopyrite  has  been  deposited  along  the  contact  of  a 
porphyi-y  dike  and  the  limestone  country  rock  at  a  point  about  1,000  feet  from  the  granite 
contact.     This  ore,  though  of  good  quality,  has  not  been  found  in  large  quantity. 

In  general  the  ore  bodies  on  the  Green  Monster  group  are  similar  to  those  on  the  Jumbo 
group,  but  do  not  appear  to  be  as  gi'eat  in  size  and  extent.  The  position  of  the  property  necessi- 
tates the  building  of  a  tramway  for  3  miles  in  order  to  ship  the  ore,  and  conditions  of  mining 
are  less  favorable  here  than  at  many  other  points  along  the  coast. 

CUPRITE  COPPER  CO. 

Situation  and  development. — The  property  of  the  Cuprite  Copper  Co.,  known  as  the  Hough- 
ton group  of  claims,  is  on  the  northwest  slope  of  Mount  Jumbo,  between  elevations  1,000  and 
2,000  feet,  and  is  1  mile  from  Hetta  Inlet.  (See  fig.  1.)  They  include  the  diorite  contact  zone 
exposed  on  the  Jumbo  group  to  the  south,  and  the  ore  bodies  under  exploration  are  of  the  same 
general  type.  The  claims,  including  a  mill  site  at  tidewater,  were  located  in  1901,  and  from 
that  time  to  the  end  of  1905  the  developments  were  meager,  assessment  work  alone  being  done. 
Early  in  1906  the  properties  were  acquired  by  the  Cuprite  Copper  Co.,  two  more  claims 
were  located,  and  active  development  was  begun  and  was  continued  during  1907  and  190S. 
The  present  mining  camp  is  at  an  elevation  of  1,500  feet  and  the  mine  workings  between  1,600 
and  1,700  feet.  A  tunnel  at  an  elevation  of  1,600  feet,  100  feet  long,  and  another  at  1,700  feet, 
80  feet  long,  had  been  driven  in  1908  to  explore  the  ore  body  along  the  contact,  its  surface 
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exposure  being  100  feet  above.     At  other  points  on  these  chaims  short  exploratory  tunnels  and 
cuts  have  been  made. 

Ore  hodij. — The  copper  deposits  on  which  explorations  are  being  made  is  included  in  the 
garnet-epidote  contact  rock,  which  occupies  a  zone  25  to  75  feet  wide  between  the  diorite  and 
limestone.  This  zone  strikes  N.  45°  E.  and  dips  steeply  to  the  northwest.  The  ore  body  is 
developed  on  the  surface  by  a  30-foot  cut  and  a  15-foot  pit,  in  which  a  body  of  massive  chalcopyrite 
ore  5  feet  wide  is  exposed.  In  the  tunnels  that  enter  the  contact  zone  small  amounts  of  copper 
ore  have  been  found  but  no  large  ore  body.  The  chalcopyi'ite  is  associated  with  magnetite, 
pyrite,  and  some  pyn'hotite.  These  claims  showed  less  general  contact  metamorphism  and 
less  ore  than  the  Jumbo  gi-oup. 

SULTANA  GROUP. 

Situation  and  development. — The  Sultana  group,  consisting  of  six  claims,  is  on  the  north  side 
of  Hetta  Inlet,  about  a  mile  east  of  Sultana,  and  extends  from  tidewater  to  an  elevation  of  1,000 
feet  on  the  south  slope  of  Beaver  Mountain.  The  principal  developments  have  been  made  on 
the  Sultana  claim,  though  prospecting  has  been  advanced  on  the  adjoining  claims,  the  Index 
and  Vulcan.  The  total  work  done  each  year  up  to  1908,  however,  amounts  to  little  more  than 
the  assessment  work. 

Ore  bodies. — The  ore  bodies  exposed  are  contact-metamorphic  deposits  underlain  by  a 
granitic  intrusive,  banded  siliceous  limestone  forming  the  hanging  wall.  A  gangue  of  garnet 
and  epidote,  with  considerable  calcite,  has  been  deposited  along  the  contact,  in  wliich  sulphides 
of  copper  and  iron  are  sparingly  distributed  in  small  masses  and  disseminated  particles. 

At  a  point  on  the  Sultana  claim  at  an  elevation  of  about  one-tliird  of  a  mile  from  the  shore 
atunnel  1.30  feet  long  was  driven  in  the  granodiorite  footwall  without  discovering  ore.  Another 
tunnel  430  feet  in  elevation  exposes  at  its  entrance  a  mass  of  chalcopyrite  ore  3  feet  wide  and 
then  crosscuts  the  garnet-ej^idote  gangue  rock  for  25  feet,  showing  practically  no  ore.  On  the 
Index  claim,  which  is  east  of  the  Sultana  claim,  at  an  elevation  of  600  feet,  an  open  cut  60  feet 
long  exposes  small  amounts  of  chalcopyrite,  not  sufficient  to  make  a  profitable  ore,  associated 
with  magnetite  and  pyrrhotite  in  banded  garnet-epidote  rock.  On  the  Vulcan  claim,  north  of 
the  Sultana  claim,  at  an  altitude  of  520  feet,  is  an  open  cut  60  feet  wide.  Here  garnet-epidote 
rock  occurs  mth  large  included  fragments  of  banded  hmestone  containing  pyrrhotite  and 
chalcopyrite  in  masses  a  few  feet  wide.  A  relatively  small  amount  of  ore  is  developed  on  these 
properties.  The  ore  at  this  prospect  was  reported  to  carry  cobalt  in  considerable  amount,  but  a 
sample  taken  by  the  writer  and  submitted  for  analysis  gave  only  a  trace  of  cobalt  and  less  than 
0.2  per  cent  of  nickel. 

ALASKA  METALS  MINING  CO. 

Situation  and  development. — The  property  of  the  Alaska  Metals  Mining  Co.,  formerly  the 
Corbm  mine,  is  close  to  tidewater  on  the  east  side  of  Hetta  Inlet,  1^  miles  north  of  the  entrance  to 
Copper  Harbor.  This  property,  which  includes  four  claims,  was  located  in  February,  1905,  and 
the  following  summer  ore  was  shipped  to  the  smelter  at  Coppermount.  Early  in  1906  the  mine 
was  sold  to  the  Alaska  Metals  Mining  Co.,  which  began  active  development  and  equipped  the 
property  wth  an  air  compressor,  a  hoist,  and  a  steam-power  plant  and  erected  a  small  wharf 
and  several  buildings.  The  position  of  the  ore  body  necessitated  the  sinking  of  a  shaft  100  feet, 
and  at  tliis  depth  considerable  crosscutting  and  drifting  were  extended  to  explore  the  ore  body 
at  this  level.  A  tunnel,  started  near  the  shaft,  has  been  driven  along  the  vein  for  210  feet,  but  the 
results  were  not  encouraging.  Operations  on  this  property  were  suspended  during  the  winter 
of  1907  and  were  not  renewed  in  1908. 

Ore  bodies. — The  ore  body  is  a  vein  deposit  of  nearly  massive  sulphide  ore  inclosed  in  a  nar- 
row fissui'e  parallel  to  the  stratification  of  the  greenstone  schist  country  rock.  The  vein  is  from 
1  foot  to  3  feet  wide  and  has  been  exposed  for  about  250  feet,  for  which  distance  it  strikes  N.  70° 
W.  and  dips  70°  SW.  A  tunnel  210  feet  long  was  driven  southeastwai'd  along  the  vein  and  in 
this  tumiel  the  vem  narrows  to  a  thin  gouge  seam  and  widens  again  at  several  points,  its  contin- 
uation being  indicated  by  the  bleached  appearance  of  the  country  rock.     The  footwall  of  the 
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vein  is  a  d.irk-grcen  schist  and  appears  less  altered  than  the  hanging  wall,  which  is  a  pale-green 
talcose  schist.  Grooves  caused  by  sUpping  were  observed  on  both  the  footwall  and  the  hanging 
wall.  These  grooves  pitch  50°  NW.,  and  the  ore  shoots  most  likely  foUow  this  direction.  In  the 
vein  itseK  occasional  sUckensides  were  observed,  indicating  movement  since  the  deposition  of 
the  ore.  The  vem  is  cut  by  dikes  of  diabase,  2  to  4  feet  wide,  striking  N.  10°  E.  and  dipping  70° 
NW.,  nearly  at  right  angles  to  the  prevailing  rock  structure.  The  ore  is  principally  pyrite,  con- 
taining chalcopyi-ite  associated  with  some  cjuartz  and  calcite  as  gangue  minerals.  Besides  the 
small  quantity  of  copper,  the  ore  carries,  as  reported,  gold  and  silver  amounting  to  about  .$3  per 
ton.     Explorations  at  other  points  on  these  claims  may  reveal  similar  vein  deposits. 

COPPER  CITY  MINE. 

Situation  and  development. — ^The  Copper  City  mhie,  also  known  as  the  Red  Wing  group, 
consisting  of  four  claims,  is  near  tidewater  on  the  east  side  of  Hetta  Inlet,  7  miles  south  of  Coj^per 
Harbor.  This  property  has  been  a  copper  producer  in  a  small  way  ever  since  operations  first 
beo-an,  in  1903,  the  ore  being  sacked  and  shipped  to  the  Tacoma  smelter.  The  developments 
up  to  1908  have  been  confined  to  the  Red  Wing  claim,  where  the  vein  deposit  has  been 
opened  by  an  inclined  shaft  120  feet  in  depth.  From  this  shaft  two  levels,  50  and  100  feet, 
respectively,  below  the  surface  have  been  driven.  The  100-foot  drift  is  the  working  level  and 
this  has  been  carried  along  the  vein  for  200  feet  north  and  50  feet  south  of  the  shaft.  At  a  point 
on  the  level  75  feet  north  of  the  shaft  a  60-foot  winze  has  been  simk  and  from  this  a  drift  50 
feet  lono-  has  been  run.  Most  of  the  ore  above  the  100-foot  level  has  been  mined,  and  it  is  pro- 
posed to  sink  the  shaft  an  additional  100  feet  and  open  up  a  200-foot  level. 

Ore  body. — The  ore  body,  a  vein  deposit  of  nearly  massive  sulphide  ore,  is  inclosed  in  a  slate- 
greenstone  country  rock  parallel  to  the  bedding  and  corresponds  in  general  character  to  the  ore 
body  at  the  Corbin  mine  ah-eady  described.  The  country  rock  grades  from  a  black  slate  or 
siUceous  schist  to  an  amphibole  schist  or  altered  greenstone,  the  general  strike  being  N.  20°  E. 
and  the  dip  60°  NW.  These  schists  and  also  the  vein  deposits  are  crosscut  by  several  diabase 
dikes,  1  foot  to  5  feet  wide,  which  strike  about  N.  30°  W.  These  dikes  were  intruded  after  the 
maui  ore  deposition,  but  subsequent  mineralization  has  deposited  small  amounts  of  mineral  in 
veinlets  in  them,  and  the  ore  bodies,  where  crosscut,  usually  continue  along  the  same  line  of 
strike  on  opposite  sides  of  these  intrusives.  The  vein  as  exposed  in  the  shaft  varies  from  6  inches 
to  4  feet  in  width,  narro%ving  to  a  gouge  seam  at  a  depth  of  100  feet.  At  this  level  the  vein 
appeared  to  be  displaced  for  a  short  distance  toward  the  footwall  side,  where  it  was  again  found, 
and  on  it  a  60-foot  winze  was  sunk,  in  which  the  vein  was  reported  to  be  wider.  Similai"  but 
smaller  veins,  trending  parallel  to  the  main  vein,  have  been  exposed  by  surface  cuts  and  trenches 
at  other  points  on  the  property,  but  none  of  these  have  been  developed. 

The  ore  is  composed  essentially  of  chalcopyrite,  pyrite,  sphalerite,  and  rarely  hematite 
(specularite) ,  associated  vnih  quartz,  calcite,  and  epidote  as  gangue  minerals.  Sm-face  oxidation 
has  altered  the  chalcopyrite  in  places  to  lunonite  and  cuprite,  and  along  joint  cracks  in  the 
country  rock  malachite  and  small  films  of  native  copper  were  observed.  In  addition  to  copper 
each  ton  of  the  ore  contains  gold  amounting  to  $3  to  $6  and  silver  amoimting  to  $1  to  $3, 
as  well  as  6  to  9  per  cent  of  zmc. 

PROSPECTS  ON  GOULD  ISLAND. 

Gould  Island,  which  Ues  south  and  east  of  Sulzer,  is  about  2  miles  long  and  less  than  1  mile 
wide.  It  is  composed  essentially  of  hmestone,  siUceous  scliists,  and  slate  intruded  by  a  diorite 
mass  which  occupies  the  eastern  portion  of  the  island.  The  prospects  are  at  the  southwest  end 
of  the  island.  The  ore,  which  consists  of  galena,  sphalerite,  and  chalcopyrite,  occupies  small 
veinlets,  and  is  finely  disseminated  in  a  belt  of  sihceous  limestone  30  feet  Avide,  striking  east  and 
west,  and  dipping  steeply  north.  Associated  with  the  ore  are  calcite,  quartz,  garnet,  epidote, 
and  large  amounts  of  wollastonite,  which  occurs  in  the  adjacent  limestone  in  radiating  masses. 
A  tunnel  70  feet  long,  driven  along  the  footwaU  of  this  mineralized  belt,  where  it  is  in  contact 
with  slate,  disclosed  scattered  occurrences  of  ore.     Just  north  of  the  tunnel  is  an  open  cut 
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and  a  shaft,  10  feet  deep,  exposing  mineralized  rock  of  the  same  character.  About  300  feet 
east  of  these  workings  is  another  open  cut  and  a  pit,  10  feet  deep,  on  the  same  belt.  The  ore 
exposed  on  these  claims  at  the  time  of  the  WTiter's  examination,  in  1908,  was  small  in  amount 
and  of  low  grade. 

PROSPECTS  AT  HEAD  OF  COPPER  HARBOR. 

The  prospects  at  the  head  of  Copper  Harbor,  indicated  on  Plate  II  (p.  28),  except  the  Paris 
vein,  are  all  contact-metamorphic  deposits  and  lie  adjacent  to  the  same  gi'anodiorite  bathohth 
that  is  exposed  on  the  Copper  ^fountain  and  Jumbo  gi-oups.  On  none  of  these  claims  did  the 
developments  up  to  1908  exceed  the  assessment  work  requu-ed.  On  the  Paris  group  of  claims, 
at  an  elevation  of  300  feet,  about  half  a  mile  from  the  beach,  a  tunnel  115  feet  long  has  been 
driven  along  a  small  quartz  vein,  strikhig  northeastward  and  carrying  a  low  content  of  copper 
and  gold.  The  country  rock  is  a  banded  quartzite  striking  N.  40°  W.  and  dipping  40°-60°  SW. 
The  Gould  gx'oup,  which  Hes  north  of  Keynolds  Creek,  half  a  mile  from  Copper  Harbor,  at  an 
elevation  of  300  feet,  is  located  along  the  contact  of  the  diorite  with  quartzite,  which  at  tliis 
point  strikes  S.  20°  E.  A  50-foot  tunnel  crosses  the  contact  rock  and  enters  the  gi'anitc,  in 
which  also  small  amounts  of  chalcopj-rite  and  pjTrhotite  are  scattered  near  the  contact  in  fine 
particles.  A  40-foot  shaft  at  the  mouth  of  the  tuimel  exposes  the  mineraUzed  garnet-epidote 
rock,  showing  a  banded  structure  striking  parallel  with  the  contact  and  dipping  60°  SW.  About 
a  mile  northeast  of  the  Gould  gi'oup  and  at  an  elevation  of  100  feet  is  the  Russian  Bear  claim, 
and  adjomiug  this  on  the  north  is  the  Texas  claim,  at  an  elevation  of  1,450  feet.  The  contact- 
metamorphic  deposits  on  both  these  claims  flank  the  western  slope  of  the  granodiorite  bathohth, 
and  the  developments  consist  mainly  of  open  cuts  and  trenches,  in  which  oialy  small  masses  of 
ore  have  been  exposed. 

PROSPECTS  ON  HETTA  MOtTNTAlN. 

Hetta  Mountain,  which  lies  southeast  of  Copper  Harbor,  is  made  up  essentially  of  limestone 
and  ciuartzite,  its  northern  slope,  as  indicated  on  Plate  V,  bemg  bordered  by  the  granodiorite 
intrusive.  Two  claims  have  been  located  on  contact  deposits  along  the  intrusive  contact  about 
a  mile  from  Copper  Harbor,  at  an  elevation  of  900  feet.  In  1908  the  ore  bodies  had  been 
prospected  by  thi-ee  tunnels,  one  20  feet,  one  25  feet,  and  one  30  feet  in  length,  and  several 
open  cuts  in  which  small  masses  of  chalcopyrite  and  pyrrhotite  are  exposed  in  the  garnet- 
epidote  contact  rock.  The  cjuartz  schist  country  rock  on  the  south,  which  forms  the  hanging 
wall  of  the  deposits,  strikes  east  and  west,  has  a  nearly  vertical  dip,  and  is  intersected  by 
granitic  and  pegmatitic  dikes. 

In  a  gulch  at  an  elevation  of  1,380  feet  another  prospect  is  located  on  a  vein  deposit  con- 
sisting of  garnet  with  some  epidote  and  sulphide  ores  in  the  siliceous  schists.  Here,  at  a  point 
where  a  small  mass  of  chalcopyiite  ore  is  exposed,  a  tunnel  30  feet  long  has  been  driven  on  the 
vein.  On  the  ridge  of  Hetta  Mountain  the  quartzites  alternate  with  beds  of  hmestone  wliich 
strike  N.  80°  E.,  and  which  are  intruded  here  and  there  by  masses  of  granodiorite.  Along  the 
contact  of  one  of  these  dikes  on  the  north  slope  of  the  ridge,  at  an  elevation  of  2,480  feet,  there 
is  a  contact-metamorphic  deposit  which  contains  both  the  sulpliide  and  the  carbonate  of  copper. 
A  tunnel  15  feet  long  and  considerable  stripping  constitute  the  developments  and  expose  small 
masses  of  the  copper  ore  in  a  garnet  gangue.  Southeast  of  this  prospect,  on  the  opposite  side 
of  the  ridge,  at  an  elevation  of  2,500  feet,  an  iron  capping  has  been  explored  by  trenches  in 
which  also  small  amounts  of  copper  ore  are  exposed. 

KASAAN   PENIN.STJLA. 

TOPOGRAPHY. 
MAIN    FEATURES. 

Kasaan  Peninsula  is  a  promontory  on  the  east  side  of  Prince  of  Wales  Island  that  includes 
about  60  square  miles  and  hes  between  132°  5'  and  132°  35'  W.  longitude  and  55°  25'  and  55° 
40'  N.  latitude.      (See  PI.  XIII,  in  pocket.)      Seen  from  a  steamer  on  Clarence  Strait  the 
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peninsula  appeai-s  to  be  an  island,  whose  summits  are  highest  near  its  central  part  and  diminish 
in  height  toward  the  north  and  south.  A  neck  of  low  land  between  the  head  of  Kasaan  Bay  and 
the  south  end  of  Thorne  Bay  connects  the  peninsula  with  Priace  of  Wales  Island.  This  low  pass 
appears  to  represent  the  continuation  of  a  valley,  from  8  to  10  mUes  wide,  which  is  tributary  to 
the  north  branch  of  Thorne  Bay  and  extends  northwestward  tkrough  the  center  of  Prince  of 
Wales  Island.  Kasaan  Bay,  which  is  18  miles  long  and  U  to  4  miles  wide,  occupies  the  south 
end  of  this  vaUey.  In  the  northward  extension  of  this  valley  and  on  the  low  pass  south  of 
Thorne  Bay  there  are  many  small  lakes  and  morainal  deposits,  which  will  be  mentioned  later. 

The  liighest  point  on  the  peninsula  is  the  top  of  Kasaan  Mountain  (PI.  XIV,  A),  which  has 
an  altitude  of  2,840  feet.  The  other  mountains  average  about  2,000  feet  in  height  and  their 
slopes  are  deeply  dissected  by  small  valleys  and  by  narrow  steep-sided  gulches. 

LEVELS    OF    EROSION. 

On  Kasaan  Peninsula  there  are  many  flat  areas,  some  of  them  contaming  small  lakes,  and 
the  mountain  slopes  themselves  are  interrupted  by  benches  or  terraces  (PI.  XIV,  C  and  D), 
which  occur  at  different  elevations  and  apparently  at  rather  regular  intervals  above  sea  level. 
These  benches  represent  levels  of  erosion. 

The  lowest  bench  level  is  indicated  by  a  series  of  flats  or  forelands  at  a  height  of  about  50 
feet  above  sea  level.  (See  PI.  XIV,  D).  Forelands  at  this  height  are  especially  prominent  at 
the  head  of  Kasaan  Bay  and  on  the  adjacent  islands.  Along  the  northern  shore  of  the  peninsula 
and  in  Tolstoi  Bay  a  higher  level  of  erosion,  which  seems  persistent  at  100  to  150  feet  on  many 
parts  of  the  peninsula,  is  marked  by  wide  flats  in  the  valleys,  some  of  which  are  occupied  by 
small  lakes.  Such  flats  occur  just  north  of  GrindaU  Point;  on  the  hiUs  just  north  of  Kasaan; 
northeast  of  the  Haida  mine,  where  the  flat  is  covered  by  a  lake;  on  both  the  east  and  west 
slopes  of  Tolstoi  Bay;  and  southwest  of  Thorne  Bay,  where  there  are  two  large  lakes. 

StiU  higher,  at  an  elevation  of  250  to  300  feet,  a  level  of  erosion  is  represented  by  a  flat, 
occupied  by  a  lake,  at  the  head  of  Poor  Mans  Creek,  on  the  divide  toward  Tolstoi  Bay;  by 
flats  north  of  the  Alarm  claim,  on  which  there  are  several  lakes;  and  by  several  areas  occupied 
by  lakes  northeast  of  the  Haida  mine.  The  surface  of  the  lake  just  east  of  Lake  Three,  at  the 
head  of  Kasaan  Bay,  and  that  of  the  lake  below  the  Goodro  mine  are  also  at  this  elevation. 

The  next  or  fourth  series  of  benches  and  flats  are  prominent  at  an  elevation  of  about  500 
feet  above  sea  level.  At  this  level  also  there  are  lakes,  from  which  small  streams  flow  down 
through  gulchlike  valleys  to  lower  levels.  At  this  altitude  there  are  terraces  along  the  north 
slope  of  the  southwest  haK  of  the  peninsula,  flats  south  of  Hadley,  a  low  pass  across  the  peninsula 
southwest  of  Lyman  Anchorage,  and  the  lakes  and  flats  on  the  divide  from  Windfall  Harbor  to 
Tolstoi  Bay  and  east  of  the  It  mine.  Most  of  the  summits  of  the  hiUs  north  of  the  It  mine  and 
adjacent  to  the  Salt  chucks  at  the  head  of  Kasaan  Bay  are  at  an  elevation  of  about  500  feet. 

Higher  levels  of  erosion  are  indicated  at  elevations  of  1,100  and  1,300  feet  by  lakes  and 
flats  in  the  central  portion  of  the  southeast  haK  of  the  peninsula,  by  flats  that  are  in  part  oc- 
cupied by  lakes  on  Mount  Andrew  and  on  the  mountain  just  west  of  Lyman  Anchorage,  and 
at  the  head  of  a  branch  of  Tolstoi  River.  Other  lakes  at  an  altitude  of  about  1,500  feet  north 
of  Grmdall  Point  Mountains  and  north  of  Kasaan  Mountain  may  mark  a  higher  erosion  level. 

The  highest  relatively  level  areas  stand  at  an  altitude  of  about  1,850  feet,  on  the  GrindaU 
Point  Mountains,  where  there  are  also  small  lakes,  though  they  are  not  shown  on  the  map;  also 
on  the  ridge  southeast  of  Kasaan  Mountain  and  on  Tolstoi  Mountain. 

GLACIATION. 

The  mountain  mass  of  Kasaan  Peninsula  exhibits  characteristic  glaciated  topography. 
That  the  entire  peninsula  was  at  one  time  overridden  by  ice  streams  is  evident  from  the  glacial 
erratics  which  He  on  the  highest  summits,  the  morame  deposits  which  occur  on  the  lower  levels, 
and  the  many  basins  which  stand  at  various  elevations  on  the  mountain  slopes  and  are  now 
occupied  by  lakes.     (See  PI.  XIV,  C.)     During  the  period  in  which  this  area  lay  beneath  the 
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ice  many  of  the  minor  topographic  features,  such  as  the  earlier  erosion  level,  were  partly  destroyed. 
Some  of  the  valleys  were  more  deeply  eroded,  lake  basins  were  formed,  and  wide  areas  of  glacial 
silt  and  debris  were  laid  down.  TMs  section  of  the  ice  stream  is  well  represented  in  the  northern 
extension  of  the  valley  of  Kasaan  Bay,  which  is  occupied  by  a  chain  of  connecting  lakes,  on  the 
sides  of  which  thick  beds  of  glacial  clay  and  debris  have  been  exposed  by  subsequent  stream 
erosion.  This  valley  probably  represents  a  preglacial  river  floor,  and  only  the  lake  basins  and 
minor  physiographic  features  can  be  attributed  to  ice  erosion. 

Erosive  action  subsequent  to  the  ice  period  has  formed  the  gulches  and  ravines  which  are 
everywhere  prominent  on  the  mountaua  slopes. 

Another  noteworthy  feature  of  Kasaan  Peninsula  is  its  precipitous  southwest  slope,  which 
is  much  steeper  than  that  on  the  northeast.  This  difiference  may  be  due  to  the  fact  that  the  ice 
stream  remained  longer  in  the  valley  of  Kasaan  Bay  than  in  that  of  Clarence  Strait,  the  action 
of  the  ice  tending  to  deepen  the  valley  and  at  the  same  time  to  protect  the  mountain  slopes 
from  surface  erosion. 

FORESTS. 

Kasaan  Peninsula  is  densely  forested  with  spruce  and  hemlock,  principally  hemlock,  which 
extends  to  elevations  of  1,500  to  1,800  feet.  (See  PI.  XIV,  C.)  The  tunber,  especially  that 
on  the  southwest  side,  toward  Grindall  Point,  is  large  and  straight.  The  mountain  side  is  steep 
down  to  salt  water,  so  that  the  timber  is  easily  accessible.  The  mountain  summits  and  ridges 
above  timber  line  are  fairly  open  and  bear  relatively  little  vegetation  as  compared  \vith  that  of 
the  densely  forested  lower  levels  (PI.  XIV,  D),  groups  of  scrubby  pine  and  juniper  and  a  low 
berry  bush  being  the  principal  plants  found. 

Prince  of  Wales  Island  was  included  in  the  Tongass  National  Forest,  but  in  1908  that 
portion  of  Kasaan  Peninsula  which  Hes  south  of  the  Hole  in  the  Wall  (the  boundary  line  is 
indicated  on  PI.  XIII)  was  taken  out  of  the  national  forest. 

GEOLOGY. 

GENERAL    FEATURES. 

The  geology  of  Kasaan  Peninsula  displays  strikingly  the  phenomena  of  igneous  intrusion 
and  contact  metamorphism.  The  geologic  problems  are  numerous,  but  in  this  report  it  is  pos- 
sible to  consider  only  the  questions  that  directly  bear  on  the  occurrence  of  ore. 

The  relations  of  the  geology  of  the  penmsula  to  that  of  the  Ketchikan  mining  district  have 
been  already  described  (pp.  16-28).  The  following  discussion  will  be  confined  to  the  stratified 
rocks,  which  comprise  those  of  sedimentaiy  and  volcanic  origin;  the  intrusive  rocks,  which  ap- 
parently underlie  the  peninsula  and  consist  essentially  of  granitic  and  porphyritic  rocks;  and 
the  ore  deposits. 

The  stratified  rocks  are  of  interest  to  the  miner  because  they  determine  the  character  and 
composition  of  the  ore  bodies.  The  intrusive  rocks  are  of  even  greater  interest  because  they 
are  believed  to  be  the  original  source  of  the  ores.  As  the  principal  ore  deposits  are  found  at  or 
near  contacts  between  certain  intrusive  and  stratified  rocks,  it  is  desirable  to  determine  the 
particular  intrusive  or  intruded  rocks  with  w-hich  the  ore  deposits  are  most  commonly  associated. 

THE    GEOLOGIC    MAP. 

On  the  geologic  map  (PI.  XV,  in  pocket)  an  attempt  has  been  made  to  show  the  distribu- 
tion of  the  stratified  and  intrusive  rocks  and  to  indicate  the  location  of  the  principal  known  ore 
bodies.  In  the  field  much  difficulty  was  encountered  in  determining  the  geologic  boundaries  and 
in  recognizing  the  various  geologic  formations,  some  of  w'hich  are  remarkably  similar.  The 
mountain  sides  are  heavily  timbered  and  the  low  levels  and  flats  are  covered  with  a  dense  growth 
of  vegetation,  so  that  exposures  of  bedrock  are  rai-e  and  are  found  principally  in  the  stream 
gulches  and  at  points  along  the  shore.  These  meager  rock  exposures  afi'ord  the  only  means  of 
indicating  the  distribution  of  the  various  rock  formations  m  the  areas  that  are  covered  with 
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vegetation  and  talus.  The  geologic  sections  that  accompany  the  map  and  show  the  under- 
ground structure  of  the  rock  formations  are  based  entirely  on  inferences  from  sui-f ace  observation, 
except  in  places  where  the  structure  was  revealed  by  mine  workings.  Future  detailed  geologic 
mapping  and  mining  will  doubtless  disclose  many  errors  in  tliis  map,  yet  the  writer  beheves 
that  it  shows  with  fair  accuracy  the  general  distribution  of  the  rock  formations  and  that  it  may 
therefore  be  of  use  to  the  mmer  and  to  the  prospector. 

STRATIFIED  ROCKS. 
CHAKACTER  AND  KELATIONS. 

The  stratified  rocks  are  principally  tuflaceous  graywackes  interstratified  with  quartzites, 
conglomerates,  and  some  limestones.  These  sedimentary  deposits  comprise  a  conformable 
series  of  beds  several  thousand  feet  thick,  all  probably  of  Devonian  age.  They  occur  princi- 
pally in  the  northern  part  of  the  peninsula  and  have  been  generally  altered  by  regional  and  con- 
tact metamorphism.  It  was  not  possible  in  the  field  to  subdi\'ide  these  sediments  stratigraplii- 
cally,  so  that  in  this  discussion  and  on  the  accompanying  map  they  are  considered  only  as  to 
their  lithology.  Two  hthologic  types  have  been  recognized  in  the  mapping — (1 )  a  series  of  clastic 
rocks,  including  graywacke,  quartzites,  and  conglomerates,  and  (2)  a  series  of  lunestones.  The 
limestones  are  of  the  greater  economic  importance  because  of  the  influence  they  have  had  on 
the  occurrence  of  the  copper  deposits. 

Nearly  two-thirds  of  Kasaan  Peninsula  is  occupied  by  clastic  rocks,  which  in  large  part 
consist  of  a  series  of  metamoiphosed  sediments,  usually  epidotized  and  containing  crystals  of 
amphibole  or  pyroxene.  In  texture  these  beds  range  from  fhie-grained  compact  rocks,  such  as 
quartzites  and  graywackes,  to  coarse  conglomerates.  As  these  sedimentary  rocks  are  composed 
of  igneous  material,  and  as  they  have  been  greatly  altered,  they  closely  resemble  massive  igneous 
rocks,  though  in  most  ])laces  their  clastic  texture  may  be  recognized,  especially  on  weathered 
surfaces. 

The  term  Ka.saan  greenstone  was  applied  to  these  beds  by  Brooks  in  his  report  on  the  Ketchi- 
kan district  in  1901,^  but  detailed  study  has  shown  that  they  are  graywackes  containing  in 
certain  places  tuffaceous  material.  Interstratified  with  these  rocks  are  narrow  beds  of  lime- 
stone, which  are  entirely  recrystaUized  and  contain  no  traces  of  organic  remains.  The  relation 
of  these  hmestone  beds  to  the  fossiliferous  beds  on  Long  Island,  in  Kasaan  Bay,  1  mile  south- 
west of  Kasaan  Peninsula,  is  important  and  ■vvill  be  discussed  later.  The  stratigraphic  succes- 
sion of  these  sedimentary  rocks  is  difficult  to  determine,  as  the  beds  are  nearly  vertical  in  di]) 
and  structurally  appear  to  He  in  the  form  of  a  synclinorium. 

The  rocks  of  this  series  are  described  separately,  and  these  descriptions  are  followed  by  a 
discussion  of  their  age  and  structural  features. 

GRAYWACKE. 

Graywacke  is  a  general  term  that  was  used  in  the  field  to  designate  certain  obscurely 
bedded,  in  places  much  altered,  greenish  rocks,  which  range  in  texture  from  distinctly  con- 
glomeratic to  aphanitic.  Some  of  the  finer-grained  graywackes  can  with  difficulty  be  dis- 
tinguished from  igneous  rocks.  The  results  of  the  field  study  led  to  the  inference  that  the 
graywackes  consist  largely  of  igneous  material  worked  over  mechanically  but  not  greatly 
decomposed  before  deposition,  and  this  inference  is  confirmed  by  microscopic  study.  Since 
their  deposition,  however,  they  have  been  in  places  greatly  changed  by  shearing,  brecciation, 
and  the  development  of  secondary  minerals.  Some  of  the  most  characteristic  specimens  col- 
lected were  selected  for  detailed  study.  The  order  in  which  they  are  described  follows  generally 
their  increasing  fineness  and  metamorphism.  The  degree  of  metamorphism  necessary  to 
convert  a  certain  rock  into  a  graywacke  has  not  been  determined  or  defined,  but  for  those 

•  Brooks,  A.  H.,  Preliminary  report  on  the  Ketchikan  mining  district,  Alaska,  with  an  introductory  sketch  of  the  geology  of  southeastern 
Alaska:  U.  S.  Geol.  Survey  Prof.  Paper  1,  pp.  49-50,  1902. 
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specimens  studied  in  tHn  section  in  which  metamorphism  had  gone  far  enough  to  be  readily 
detected  the  field  name  graywacke  has  been  retained.  The  microscopic  examinations  and 
descriptions  are  the  work  of  H.  E.  Merwin. 

Specimen  129.  Graywacke  (conglomeratic).  The  broken  surface  of  this  rock  has  the 
appearance  of  an  augite  lamprophyre ;  the  weathered  surface  shows  bedding  and  pebbles.  In 
the  slide  two  kinds  of  pebbles  can  be  made  out,  one  of  gi-aywacke,  consisting  of  fragments  of 
augite,  hornblende,  and  feldspar  in  a  dusty  chloritic  matrLx;  the  other  of  porphyry,  containing 
large  crystals  of  fresh  augite  with  decomposed  feldspar  in  a  gi-oundmass  which  is  chiefly  chloritic. 
Besides  pebbles  there  are  angular  fragments  of  porphyiy  and  of  minerals  derived  from  porphyry. 
This  angular  material  and  dustlike  particles  and  chlorite  form  the  matrix  of  the  rock. 

Specimen  195.  Graywacke  (conglomerate).  In  the  hand  specimens  pebbles  of  porphyritic 
rocks,  the  largest  several  centimeters  in  diameter,  can  be  distinguished,  but  their  outhnes  are 
not  clear.  Some  of  these  pebbles  contain  large  crystals  of  hornblende.  The  thin  sections 
show  that  the  pebbles  represent  at  least  five  different  porphyritic  rocks.  The  matrix  consists 
of  fragments  of  hornblende  and  feldspar,  which  are  partly  chloritized  and  partly  recrystaUized 
as  hornblende  and  epidote.  Borders  of  the  secondary  hornblende  have  formed  around  the 
original  large  fragments  of  hornblende.  The  rock  contains  minute  veins  of  secondary  horn- 
blende, calcite,  epidote,  and  zoisite. 

Specimen  188.  Tuff.  MegascopicaUy  the  rock  has  the  appearance  of  a  fine-grained  altered 
hornblende  lamprophyre,  which  contains  scattered  angular  inclusions  of  a  medium-grained 
leucocratic  rock.  When  moistened  the  dark  parts  of  the  rock  also  seem  to  have  inclusions. 
Viewed  microscopically  the  fragmental  material  appears  more  angular  than  that  in  the  rocks 
already  described,  and  includes  abundant  broken  crystals  of  hornblende  and  augite.  Much 
of  the  matrLx  is  too  fine  grained  for  determination.  The  material  as  a  whole  seems  to  be  Uke 
that  of  broken-down  but  not  greatly  altered  porphyiy. 

Specimen  196.  Graywacke.  In  the  hand  specimen  this  rock  looks  hke  basalt,  containing 
minute  prisms  of  hornblende  in  a  much  finer  grained  matrix.  SHght  magnification  of  the 
shde  however,  shows  clearly  the  fragmental  character  of  the  constituents.  Secondary  horn- 
blende appears  in  the  matrix  and  in  veins.  Epidote  accompanies  the  hornblende  in  some 
veins.     Wliite  mica  is  the  chief  alteration  product  of  the  feldspar. 

Specimen  424.  Graywacke.  This  rock  is  dark  gi-eenish  gray  mottled  with  dark  red, 
having  a  brecciated  appearance.  The  microscope  shows  that  the  red  patches  are  fragments  of 
acid  porphyries  in  which  phenocrysts  of  feldspar  are  contained  in  a  groundmass  that  is  now 
almost  entirely  calcite  and  chlorite.  The  matrix  of  the  graywacke  consists  of  fragments  of 
feldspar  cemented  by  calcite  and  chlorite. 

Specimen  .351.  Graywacke.  A  fresh  surface  of  the  rock  is  dark  greenish.  The  only  dis- 
tinguishable structures  are  irregular  cleavages  of  hornblende  and  light  aphanitic  rounded  or 
subangular  patches.  A  weathered  surface  is  Hght  colored  and  chalky,  with  distinct  aphanitic 
patches,  the  largest  3  centimeters  in  diameter.  Under  the  microscope  the  aphanitic  material 
is  seen  to  be  apUte,  mostly  orthoclase,  surrounded  by  hornblende  in  ragged  crystals  and  granular 
orthoclase  and  plagioclase.  Epidote  and  magnetite  are  abundant.  Much  of  the  hornblende 
appeai-s  to  be  secondary,  for  the  borders  of  the  fragments  of  aplite  are  penetrated  by  the  minerals 
of  the  matrix.  „„.„„,T-rx. 

QFARTZITE. 

Prominent  beds  of  quartzite  are  interstratified  with  the  graywacke.  They  are  of  aphanitic 
texture,  are  Hght  gray  to  brown  in  color,  and  are  highly  indurated  and  brittle.  The  quartzite 
at  most  places  contains  many  cleavage  cracks  and  has  a  banded  structure,  which  is  usually 
parallel  to  the  main  structural  lines  of  the  complex.  The  microscope  shows  that  the  quartzite 
is  made  up  essentiaUy  of  quartz  and  a  large  percentage  of  feldspar.  The  rock  is  an  extremely 
fine  textured  phase  of  graywacke,  the  conglomerates  representing  the  coarse  phase. 
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CONGLOMERATE. 

The  conglomerate  is  made  up  principally  of  fine  to  coarse,  rounded,  waterworn  pebbles, 
though  some  of  the  beds  contain  cobbles  and  even  bowlders.  The  matrix  or  cement  of  this 
cono-lomerate  is  essentially  siUca  and  calcite  and  in  certain  -beds  the  calcite  is  most  abundant. 
The  pebbles  and  cobbles  are  of  chert  and  limestone,  those  of  chert  being  the  more  numerous. 
(See  PI.  XVI,  D.) 

LIMESTONE. 

Beds  of  limestone  are  intercalated  with  the  graywacke  and  conglomerate.  These  beds 
are  entirely  recrystaUized  and  contain  no  traces  of  organic  remains.  They  are  of  interest 
because  of  their  association  with  and  relation  to  the  ore  deposits,  and  are  indicated  separately 
on  the  geologic  map.  They  range  in  thickness  from  less  than  100  to  about  600  feet,  strike  north- 
westward, and  dip  to  the  northeast  or  to  the  southwest.  At  some  places  the  beds  are  wrinkled 
and  irregularly  folded;  at  others  they  are  brecciated.  Dark-colored  sihceous  beds,  from  a 
fraction  of  an  mch  to  a  few  inches  thick,  are  interstratified  with  certain  of  the  limestones,  and 
at  some  places  epidote  and  garnet  have  been  introduced  into  the  Umestones  along  bedding  planes 
and  fractures.     (See  PI.  XVI,  C.) 

FOSSILIFEBOUS  LIMESTONES  ON  LONG  ISLAND. 

Beds  of  limestone  conformably  underlain  bj^  feldspathic  sandstones  and  conglomerates 
occur  on  Long  Island,  which  is  in  the  central  part  of  Kasaan  Bay  and  Mes  a  mile  southwest  of 
Kasaan  Peninsula.  Interstratified  with  these  limestone  beds  near  their  contact  with  the  under- 
lying rocks  are  narrow  beds  of  sandstone  and  conglomerate,  most  of  the  pebbles  in  the  conglom- 
erate being  of  porphyry.  The  limestone  beds  themselves  contain  abundant  fossils,  of  Devonian 
age.  ( 

Collections  were  first  made  at  this  locality  by  A.  H.  Brooks  in  1901.  In  1905  a  more  com- 
plete collection  was  made  by  E.  M.  Kindle,  who  submitted  the  following  report: ' 

Blue  limestones  form  much  of  the  surface  outcrops  on  a  group  of  small,  low  islands  near  the  middle  of  Kasaan  Bay, 
of  which  Long  Island  is  the  largest.  On  Round  Island  the  limestones  are  not  greatly  metamorphosed,  but  have  occu- 
pied a  zone  of  vigorous  deformational  activity.  The  island  affords  an  uninterrupted  outcrop  of  the  limestones  entirely 
around  its  shore  line.  These  outcrops  are  of  particular  interest  as  illustrating  in  a  small  area  the  complex  character  of 
the  deformation  in  this  region.  The  beds  are  everywhere  inclined  at  a  high  angle,  usually  about  90°.  On  the  north 
and  east  sides  of  the  island  the  strike  is  within  a  few  degrees  of  due  north.  From  nearly  due  north  the  strike  swings 
around  abruptly  to  N.  80°  E.  on  tlie  west  side  of  the  island.  The  exposures  on  the  west  side  show  the  sliarp  elbow 
which  the  nearly  vertical  strata  make  in  changing  from  a  northerly  to  an  easterly  strike.  The  limestone  on  Round 
Island  is  shown  by  its  fossils  to  be  of  the  same  age  as  the  upper  beds  on  Long  Island,  which  lie  a  few  hundred  yards 
southeasi,. 

On  Long  Island,  which  has  a  length  of  about  2  miles  and  an  average  width  of  less  than  one-half  mile,  the  lime- 
stones show  a  less  degree  of  deformation  than  those  of  Round  Island.  The  flexures  have  comparatively  gentle  dips, 
amounting  in  parts  of  the  southeastern  portion  of  the  island  to  only  5°  or  10°.  In  the  western  part  of  the  island, 
however,  the  dip  rises  to  90°.     The  strike,  as  on  Round  Island,  varies  greatly. 

A  section  along  the  south  side  of  Long  Island  from  the  east  end  to  Salt  Pond  shows  the  following  series  of  beds 

Section  12,  Long  Island. 

Feet. 

c.  Hard  dark-gray  limestone,  slightly  darker  than  the  preceding 270 

h.  Hard  blue  fine-grained  limestone,  fracturing  easily  in  any  direction 200 

a.  Buff  or  cream-colored  feldspathic  sandstone  underljing  the  limestones 90 

560 

The  two  divisions  of  the  limestone  series  are  conformable,  and  the  upper  and  lower  portions  are  very  similar  in 
lithologic  character.  Analyses  of  the  upper  and  lower  portions  of  the  limestone  series  show  them  to  be  very  similar 
in  chemical  composition,  one  carrying  96.11  per  cent,  the  other  97.50  per  cent  of  lime. 

Aside  from  the  faunal  differences,  which  are  quite  marked,  there  are  no  very  evident  reasons  for  making  two 
divisions  of  the  limestones. 

'  Wright,  F.  E.  and  C.  W.,  The  Ketchikan  and  Wrangell  mining  districts,  Alaska:  U.  S.  Geol.  Survey  Bull.  347,  pp.  47-49, 1908.  See  also 
Kindle,  E.  M.,  Notes  on  the  Paleozoic  faunas  and  stratigraphy  of  southeastern  Alaska:  Jour.  Geology,  vol.  15,  pp.  324-327, 1907. 
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■The  character  of  the  fauna  in  the  lower  section  (6)  of  the  limestone  series  is  indicated  by  the  foUow- 


Fauna 
ing  list: 
Stictopora  sp. 
Cladopora  sp. 

Spirifer  cf.  sulcatus  Hisinger. 
Sanguinolites  sp. 
Cardiola  sp. 

Hercynella  nobilis  Barr. 
Hercynella  bohemica  Barr. 
Holopea  sp. 

Murchisonia  angulata  Phillips 
Murchisonia  sp.  1. 


Murchisonia  sp.  2. 
Planitrochus  cf.  amicus. 
Loxonema  sp. 
Holopella  sp. 
Trochonema  sp. 
Euomphalopteris?  sp. 
Operculum. 
Beyrichia?  sp. 
Leperditia  sp. 
Orthoceras  sp. 


The  occurrence  of  the  genus  Hercynella  in  this  fauna  is  of  considerable  interest,  since  it  has  not  been  found  hereto- 
fore in  America.  H.  bohemica  occurs  in  the  Lower  Devonian  of  the  Ural  Mountains.  Both  H.  bohemica  and  H.  nobilis 
are  present  in  6tage  F  of  Barrande's  Bohemian  section.  Their  presence  in  the  fauna  at  Long  Island  indicates  that  the 
latter  is  much  more  closely  related  to  the  European  and  Asiatic  than  to  the  American  faunas  outside  of  Alaska.  This 
lower  fauna  at  Long  Island  represents  the  lowest  Devonian  horizon  which  has  been  found  in  Alaska. 

In  the  upper  portion  of  the  higher  limestone  (c)  the  following  fauna  is  found: 


Favoaites  cf.  radiciformis  Rom. 
Cyathophyllum  sp. 
OrthophyUum?  sp. 
Zaphrentis  sp. 
Calceola  cf.  sandaUna. 
Syringopora  sp. 
Lingula  cf .  bohemica. 
Atrypa  reticularis  Linn. 
Atiypa  hystrix  Hall. 
Gypidula  opatus  (Barr). 
Gypidula  cf.  intervenicus  (Barr). 
Meristella  cf .  barrisi  Barr. 
Stropheodonta  stephani  (Barr). 
Spirifer  sp. 
Spirifer  hians  Bich.? 
Spirifer  thetidis  Barr. 
Spirifer  subcomprimatus  Tsch. 
Spirifer  sp. 

Spirifer  indeferens  Barr. 
Spirifer  sp. 
Reticularia?  sp. 

Rhynchonella  cf .  amalthea  Bair. 
Rhynchonella  Uvonica  Buch. 
Pugnax  sp. 

Dalmanella  occlusa  Barr. 
Schizophora  macfarlani  Meek? 
Schizophora  striatula  Scliloth. 
Streptorhj-nchus  sp. 


Camarotoechia?  sp. 

Cypricardinia?  sp. 

Conocardiiun  cf .  bohemicum  Barr. 

Conocardium  sp. 

Lucinia  cf.  proa\-ia  Goldf. 

Leptodesma  sp. 

Mytilarca  sp. 

NuciUites  sp. 

Telinopsis  sp. 

Holopella?  sp. 

Loxonema?  sp. 

Murcliisonia  sp.  2. 

Murchisonia  sp.  1. 

Naticopsis  sp. 

Oriostomasp. 

Oriostoma  princeps  var.  Oehlert. 

Euomphalus  cf.  planorbis  D'Arch.  and  Vem. 

Tremanotus  cf .  fortis  Barr. 

Tentaculites  sp. 

Ooceras  sp. 

Gomphoceras?  sp. 

Orthoceras  sp. 

Cytherella?  sp. 

Entomis  pelagica  Barr. 

Lepterditia  sp. 

Cyphaspis  sp. 

Proetus  sp. 

Proetus  cf.  romanooski  Tsch. 


Stropheodonta  comitans  Barr. 

In  place  of  the  gastropods,  which  are  the  dominant  forms  in  the  lower  horizon,  the  brachiopods,  are  the  predominant 
group  of  this  fauna.  The  Hercynellas,  which  are  abundant  at  five  horizons  in  the  lower  beds,  appear  to  be  entirely 
absent.  The  upper  fauna,  however,  agrees  with  the  lower  in  its  foreign  affiliations.  In  it  occurs  the  peculiar  coral, 
Calceola,  very  common  in  the  Middle  Devonian  of  Europe.  Several  specimens  among  the  brachiopods  are  either  iden- 
tical with  or  have  their  nearest  analogy  in  European  species.  The  fauna  represents  a  Middle  Devonian  or  late  Lower 
Devonian  horizon. 

The  lowest  40  feet  of  division  c  of  the  Long  Island  section  furnished  a  fauna  differing  but  slightly  from  that  of  the 
upper  part.     The  following  list  indicates  its  character: 


Cladopora? 
Cyathophyllum  sp. 
Camarotoechia  sp. 
Meristella  cf .  ceres  Barr. 
Spirifer  sp. 

Spirifer  cf .  thetidis  Barr. 
Spirifer  cf.  cheiropteryx. 
Stropheodonta  comitans  Barr. 
Orthonota  sp. 


Schizodus  sp. 

Conocardium  cf.  bohemiciun  Barr. 

Euomphalus  planorbis  D'Arch.  and  Vern. 

Oriostoma  princeps  var.  Oehlert. 

Tentaculites. 

Cyrtoceras  sp. 

Orthoceras  sp. 

Proetus  cf.  romanooski  Tsch. 
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The  stratigraphic  relations  of  limestones  of  Long  Island  to  the  geologic,  horizons  repre- 
sented on  the  adjacent  shore  of  Kasaan  Bay  can  not  be  determined  because  of  theu*  topographic 
isolation. 

These  Umestones  are  white  to  gray  in  color  and  are  noncrystalline.  The  change  from  the 
sandstone  to  the  limestone  is  abrupt  and  the  limestone  occurs  only  in  the  upper  part  of  the  series. 
The  beds  are  in  general  shghtly  folded,  several  changes  from  anticline  to  syncUne  having  been 
noted  on  the  shore  of  the  island,  the  anticlines  forming  the  bays  and  the  synclines  the  points. 
Some  faults  were  observed.  At  a  point  on  the  southeast  end  of  the  island  the  Hmestone  hes  in 
contact  with  sandstone  and  though-the  strike  was  the  same  the  dip  was  different,  suggesting  an 
unconformity.  At  other  points,  however,  the  conformity  of  the  limestones  and  sandstones  was 
e^adent. 

The  structure  of  the  sedimentary  rocks  exposed  on  I^ong  Island  is  of  interest  because  it  shows 
two  systems  of  folcUng,  an  older  system  of  small  folds  with  a  northeasterl}^  strike  and  flat  dips  to 
the  northwest  and  southeast,  and  a  later  system  of  broader  folds  which  trend  northwest  and 
are  parallel  to  the  main  structural  Hnes  of  the  Coast  Range. 

AGE  OF  THE  SEDIUENTS. 

Though  no  fossils  were  found  in  the  limestones  on  Kasaan  Peninsida,  the  rocks  are  regarded 
as  Lower  Devonian  because  of  the  occurrence  of  fossiliferous  limestones  on  Long  Island  inter- 
stratified  with  sandstones  and  conglomerates.  Graywackes  and  conglomerates  which  corre- 
spond somewhat  more  closely  to  those  of  metamorphosed  sediments  on  Kasaan  Peninsula  are 
found  on  the  northwest  side  of  Prince  of  Wales  Island  and  these  lie  between  hmestone  beds 
carrying  Lower  Devonian  fossils. 

STRUCTURE. 

The  structure  of  the  stratified  rocks  on  Kasaan  Peninsula  is  that  of  a  closely  folded  syncH- 
norium  in  which  the  beds  in  general  strike  northwest  and  dip  northeast.  This  structure,  how- 
ever, is  interrupted  locally  by  masses  of  intrusive  rock,  and  where  these  occur  the  bedding  planes 
of  the  stratified  rocks  are  usually  parallel  with  the  fine  of  contact  of  the  intrusive  mass. 

Two  prominent  joint  systems  were  noted  on  the  peninsula,  one  striking  N.  15°-25°  E. 
and  dippmg  60°-S0°  SE.,  and  the  other  striking  N.  50°-70°  W.  and  dipping  steeply  to  the 
northeast.  As  these  joint  cracks  traverse  the  ore  bodies  and  country  rock  ahke  they  were 
doubtless  developed  subsequent  to  ore  deposition,  and  the  fact  that  most  of  the  basalt  dikes 
follow  the  prominent  directions  of  jointing  indicates  that  the  jointmg  occurred  before  the 
basaltic  intrusions.  Fault  planes  and  gouge  seams  were  noted  in  the  mine  workings,  and  the  ore 
deposits  and  the  dike  rocks  have  here  and  there  been  displaced  along  these  planes.  The  amount 
of  displacement,  however,  seldom  exceeds  a  few  feet. 

DETAILS  OF  OCCURRENCE. 

The  rocks  exposed  along  the  shore  north  of  Hadley  are  brown  to  green  quartzites  containing 
some  ampliibole  in  finely  scattered  crystals,  highly  indurated  graywackes  containing  large  horn- 
blende crystals  embedded  in  a  fine  clastic  feldspathic  groundmass,  and  gray  to  green  Umestones 
wliich  are  locally  cherty  in  appearance.  At  some  places  the  limestone  beds  may  be  regarded  as 
conglomerates  with  a  calcareous  groundmass ;  at  others  their  gi-oundmass  is  a  dark  sihceous  ma- 
terial. Rounded  pebbles  of  quartzite  and  wliite  fine-grained  hmestone  are  contained  in  the  con- 
glomerate, and  in  spots  the  rock  is  impregnated  with  epidote  and  the  groundmass  is  apparently 
recrystaUized.  At  Lyman  Anchorage  the  graywacke  beds  are  of  a  fine  granular  texture,  showing 
microscopic  crystals  of  ampliibole,  and  in  places  the  rock  is  finely  fractured,  the  cracks  being 
filled  with  quartz  and  epidote,  and  portions  of  the  rock  are  impregnated  wdth  epidote,  which 
gives  it  a  light-green  color. 

Farther  north,  at  Windfall  Harbor,  there  are  beds  of  argillaceous  quartzite  altered  to  phyl- 
lite  and  biotite  schist  and  hornfels,  the  alteration  being  partly  due  to  adjacent  intrusive  masses. 
At  Palmer  Cove  the  grajTvackes  are  much  altered  and  epidotized  and  intruded  by  gi-anitic  rocks. 
Veinlets  of  feldspar,  quartz,  and  epidote  are  prominent  along  jointing  planes  in  these  rocks. 
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The  rocks  exposed  on  the  s(iiith  arm  of  Thome  Bay  consist  largely  of  fine  to  coarse  con- 
glomerates, wliich  are  in  places  much  brecciated,  so  that  then-  sechmentary  nature  is  disguised. 
The  pebbles  and  cobbles  of  tliese  conglomerates  consist  of  graywackes,  usually  somewhat  epido- 
tized  and  containing  hornblende  crystals,  and  of  porphyry,  chert,  and  hmestone.  The  rocks  at 
this  locality  are  somewhat  less  metamorphosed  than  at  other  points  nearer  the  intrusive  masses. 

The  gra,^-wackes  along  Tolstoi  Creek  are  more  brownish  and  the  conglomerates  contain 
brownish  fragments  of  a  slaty  rock.  These  beds  are  also  less  altered  than  the  graj-wackes  near 
the  intrusive  contacts  and  are  not  impregnated  with  epidote,  feldspar,  and  quartz.  The  hme- 
stones  also  show  less  effect  of  metamorpliic  action. 

The  rocks  exposed  on  the  west  side  of  the  peninsula  are  essentially  gra^-wacke  and  occa- 
sional beds  of  conglomerate,  striking  in  general  northwestward  and  dipping  northeastward. 
Many  of  the  exposures  of  the  graj-Tvacke  resemble  those  of  a  diorite  intrusive  mass  because  of 
their  content  of  hornblende  crystals.  Their  clastic  texture  and  sedimentary  origin  were,  however, 
evadent  on  weathered  surfaces,  especially  where  the  graywacke  graded  into  the  coarser  phase  or 
conglomerate,  and  they  contained  limestone  pebbles. 

At  the  Rush  &  Brown  mine  the  rocks  grade  from  a  quartzite  of  banded  aphanitic  texture 
to  a  gra^-^vacke  and  coarse  conglomerate.  The  conglomerate  is  liighly  epidotized  and  the  matiix 
contains  hornblende  pyrite.  (See  PI.  XVI,  D.)  Most  of  the  pebbles  are  of  gray^vacke,  porphyry, 
and  Hmestone.  The  gra^-w^acke  is  also  somewhat  epidotized,  especially  along  craclcs.  At  the 
Venus  claim,  1  mile  south  of  the  Rush  &  Brown  mine,  beds  of  conglomerate  are  interstratified 
with  banded  slates  and  graywackes.  The  conglomerate  contains  cobbles  of  quartzite,  slate, 
hmestone,  and  porphyritic  rocks  with  quartz  phenocrysts.  The  gi-aywackes  in  general  show  a 
shght  development  of  hornblende  crystals  and  contain  numerous  slaty  fragments,  though  in 
certain  areas  where  metamorpliism  was  apparently  greater  the  slaty  fragments  are  almost  absent 
and  the  crystals  of  hornblende  are  more  abundant.  These  conditions  suggest  intense  meta- 
somatic  action  in  these  somewhat  porous  rock  beds,  though  the  development  of  schistosity  which 
usually  accompanies  such  metasomatic  action  is  lacking,  probably  because  of  the  resistance  of 
the  rock  to  differential  pressure. 

At  the  Copper  Center  mine  the  graywacke  is  much  epidotized  and  contains  large  crystals 
of  hornblende  associated  with  chalcopyritc.  At  the  Charles  prospect  the  graywacke  and  con- 
glomerate grade  into  the  contact  rock,  and  masses  of  conglomerate  are  surrounded  by  the  con- 
tact rock.  A  similar  alteration  of  the  gray^vacke  is  evident  at  the  Brown  &  Metzdorf  pros- 
pect, where  an  ore  deposit  in  the  contact  rock  occui-s  between  a  limestone  bed  and  gray^vacke, 
showing  a  replacement  of  both  graywacke  and  limestone.  In  aU  these  places  the  rocks  are 
highly  metamorphosed,  contain  much  hornblende,  and  are  impregnated  with  epidote.  The 
occurrences  of  contact  rock  at  these  prospects  indicate  the  proximity  of  intrusive  rock,  which 
was  not  exposed  on  the  surface,  thougli  its  presence  is  indicated  on  the  map  in  adjacent  areas. 

The  alteration  of  the  limestone  is  especially  evident  along  the  shore  just  north  of  Kasaan, 
where  it  is  much  wrinkled,  recrystalhzed,  and  has  a  banded  structure.  The  bands  are  composed 
of  quartz  and  epidote  and  vcinlets  of  epidote  and  garnet,  wliich  protrude  on  weathered  surfaces 
between  the  bedding  planes,  sho\\-ing  still  further  the  alteration  of  the  rocks  by  minerahzing 
solutions. 

INTRUSIVE    ROCKS. 
OCCrRRENCE  AND  CHARACTER. 

The  intrusive  rocks  that  apparently  underhe  Kasaan  Peninsula  occupy  about  one-third 
of  its  surface.  They  invade  all  the  sedimentary  strata  and  ai-e  therefore  more  recent  than  these 
stratified  rocks.  (See  map,  PI.  XV.)  They  vary  in  composition  from  acidic  granite  and  peg- 
matite to  basic  diorite  and  basalt,  and  in  texture  from  coarse  granular  to  fine  porphyritic 
rocks.  They  occur  in  the  form  of  huge  intrusive  batholiths,  many  miles  in  width,  and  in 
dikes,  the  smallest  less  than  a  foot  wide.  The  larger  masses  arc  longest  from  northwest  to 
southeast,  parallel  mth  the  lines  of  folding  of  the  stratified  rocks.     The  principal  intrusive 
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rock  is  a  diorite,  which  forms  the  entire  southern  part  of  the  peninsula  and  occupies  large  areas 
in  its  central  and  northwestern  parts.  No  intrusive  rocks  earlier  than  the  diorites  have  been 
recognized  in  this  region. 

Pegmatite  dikes  intrude  the  diorites  and  adjacent  metamorphic  rocks  but  are  not  plentiful. 
In  composition  they  are  nearly  Hke  the  diorites  and  were  probably  derived  from  the  same  magma. 
Porphyritic  rocks  in  the  form  of  dikes,  some  a  few  hundred  feet  wide,  also  invaded  the  stratified 
rocks.  The  most  recent  intrusives  are  numerous  small  basalt  and  diabase  dikes,  which  crosscut 
all  the  rock  formations  and  the  ore  bodies. 

The  intrusive  bodies,  especially  the  granitic  rocks,  are  of  interest  to  the  prospector,  for  the 
principal  ore  deposits  lie  at  the  contacts  of  the  intrusive  and  the  country  rock.  The  main  intru- 
sive masses  on  the  peninsula  are  commonly  called  granites,  though  they  correspond  more  closely 
in  composition  to  diorites.  Like  the  intrusives  of  the  Coast  Range,  however,  this  granitic  rock 
varies  in  composition  from  a  granite  to  a  gabbro,  including  also  syenite,  though  most  of  it  is 
diorite. 


GRANITIC  ROCKS. 

GENERAL   CHARACTER. 


The  granitic  intrusives  include  diorite,  gabbro,  syenite,  and  a  little  granite.  These  intru- 
sives differ  considerably  in  mineral  composition  and  probably  represent  several  periods  of  igneous 
invasion  during  one  general  epoch,  though  some  of  the  differences  can  undoubtedly  be  attributed 
to  segregation  of  minerals  within  the  igneous  magma  while  it  was  becoming  solidified. 

At  the  contacts  of  these  gi-anitic  bathohths  with  the  country  rock  there  are  masses  of  slightly 
altered  and  locally  sheared  diorite  surrounded  by  unaltered  diorite.  At  some  places  these  masses 
show  sharp  contacts,  though  at  others  the  two  kinds  of  rock  merge  gradually  into  each  other, 
suggesting  a  peripheral  sohdification  of  the  igneous  bathoMth,  a  fracturing  of  its  outer  part,  and 
subsequent  injection  of  molten  rock  into  the  interetices.  The  igneous  mass  includes,  here  and 
there,  angular  fragments  of  highly  metamorphosed  stratified  rocks,  some  of  which  can  be  recog- 
nized as  included  metamorphic  rock  only  because  parts  of  them  show  parallel  Hues  of  flakes  of 
biotite,  the  remainder  of  the  inclusions  having  been  dissolved  by  the  intruding  magma.  The 
schist  near  the  contact  also  includes,  along  the  bedding  planes,  feldspar,  quartz,  and  other  peg- 
matitic  minerals,  suggesting  a  partial  replacement  of  the  intruded  beds  by  igneous  material. 

DIORITE. 

The  main  intrusive  rock  of  Kasaan  Peninsula  is  a  quartz-bearing  diorite.  The  quartz  is 
scarcely  more  than  an  accessory,  generally  forming  not  more  than  5  per  cent  of  the  mass. 
Orthoclase  appeare  in  about  the  same  amount.  Plagioclase,  which  makes  up  50  to  70  per  cent 
of  the  rock,  is  basic  andesine,  ranging  cliiefly  from  AbjAn^  to  AbjAn,.  The  range  of  the  com- 
position of  the  individual  plagioclase  crystals  is  about  the  same.  For  this  reason  zoning  is  not 
pronounced.  Twinning  according  to  both  the  albite  and  the  Carlsbad  laws  is  very  common  in 
the  plagioclase.  Hornblende  is  everywhere  present,  constituting  10  to  35  per  cent  of  the  weight 
of  the  rock.  It  is  the  common  variety;  it  is  pleochi-oic  in  various  yellow-greens;  it  is  optically 
negative,  showing  a  large  optic  a.xial  angle;  its  maximum  extinction  angle,  measured  from  the 
trace  of  the  cleavage,  is  from  20°  to  25°,  corresponding  to  an  angle  of  15°  to  20°  on  (010);  and 
its  indices  of  refraction  are  considerably  Mgher  than  those  of  other  recorded  measurements, 
namely  from  1.665  to  1.680,  determined  by  the  immersion  method.  Some  facies  of  the  diorite 
contain  about  15  per  cent  of  yellow-brown  or  orange-brown  biotite.  The  rock  contains  small 
amounts  of  augite,  less  than  10  per  cent.  The  minor  accessories  are  apatite,  titanite,  and 
magnetite. 

The  mineral  composition,  summarized  from  a  study  of  16  slides  made  of  rock  taken  from 
different  parts  of  the  peninsula,  shows  that  the  rock  contains  too  little  quartz  and  orthoclase 
and  that  its  plagioclase  contains  too  much  lime  to  justify  its  classification  with  the  granodiorite 
that  is  so  common  on  the  Pacific  slope  of  North  America.     According  to  Lindgren  ^  this  grano- 

1  Lindgren,  Waldemar,  Granodiorite  and  otlier  intermediate  rocks;  Am.  Jour.  Sci.,  4tli  ser.,  vol.  9,  pp.  269-282. 
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diorite  contaiiis  an  average  of  about  23  per  cent  of  quartz,  14  per  cent  of  orthoclase,  and  44 
per  cent  of  plagioclase  (near  AbjAnJ. 

Some  of  the  extreme  types  of  the  diorites  of  Kasaan  Peninsula  are  described  below.  The 
numbers  refer  to  slides  and  specimens  in  the  collection  of  the  United  States  Geological  Survey, 
the  full  catalogue  designation  bearing  the  prefix  "7.  C.  W." 

173.  Hornblende  diorite,  from  about  4  miles  northwest  of  Hadley.  In  hand  specimen 
the  rock  is  seen  to  consist  megascopically  of  plagioclase,  hornblende,  quartz,  magnetite,  pyrite, 
and  titanite  in  a  medium-grained  groundmass,  the  bulk  of  the  crystals  being  between  1  mUli- 
meter  and  5  millimeters  in  diameter. 

The  microscope  shows  that  the  rock  contains  about  55  per  cent  of  plagioclase  (AbiAnj), 
35  per  cent  of  hornblende,  5  per  cent  of  quartz  in  poikditic  masses,  and  5  per  cent  of  accessoiy 
magnetite,  apatite,  biotite,  and  titanite.  In  the  main  the  order  of  crystallization  was  plagio- 
clase, magnetite,  hornblende,  and  quartz. 

135.  Hornblende  diorite,  from  the  southeastern  point  of  Kasaan  Peninsula.  Although  this 
is  mainly  a  medium-grained  granitic  rock,  it  appears  coarse  grained  on  account  of  its  large 
content  of  poikilitic  masses  of  hornblende  and  plagioclase. 

Under  the  microscope  the  plagioclase,  which  makes  up  60  to  70  per  cent  of  the  rock,  is 
found  to  be  about  AbgAn,.  Hornblende,  which  forms  about  25  per  cent  of  the  rock,  occurs 
partly  in  prisms  among  the  feldspar  and  partly  in  poikilitic  masses  inclosing  plagioclase.  The 
prisms  of  hornblende  are  much  lighter  in  color  than  the  poikilitic  masses.  Quartz  and  micro- 
cline  are  very  subordinate  constituents. 

199.  Hornblende  diorite  of  medium-grain  granitic  texture,  from  a  large  intrusive  mass  in 
the  northern  part  of  the  peninsula.  In  the  slide  the  following  minerals  are  found  in  about 
the  proportions  stated:  Basic  andesine,  70  per  cent;  hornblende,  15  to  20  percent;  quartz,  5 
to  10  percent;  biotite,  5  per  cent;  accessories,  3  to  5  per  cent.  Near  the  contact  this  rock 
(specimen  201a)  contains  phenocrysts  of  hornblende  and  plagioclase,  the  hornblende  in  many 
places  having  nuclei  of  corroded  augite.  Augite  is  very  much  more  abundant  in  parts  of  this 
diorite  that  have  cooled  more  rapidly  than  the  main  body  of  the  intrusive,  and  particularly  in 
the  diorite  porphja-ies  to  be  described  later. 

106.  Biotite  diorite  of  medium  gi'ain,  from  a  point  near  the  central  part  of  the  peninsula. 
It  contains  about  60  per  cent  of  plagioclase  (AbjAuj),  5  per  cent  of  orthoclase,  and  35  per  cent 
of  dark  minerals,  of  which  biotite  is  somewhat  more  abundant  than  either  of  the  other  two 
essential  constituents,  hornblende  and  augite.     Magnetite  is  intergrown  with  the  augite. 


Near  some  of  its  margins  the  diorite  becomes  basic  and  passes  into  gabbro,  the  hornblende 
giving  place  to  augite,  and  the  plagioclase  becoming  richer  in  lime.  Specimens  from  the  mines 
and  prospects  north  of  Karta  Bay  illustrate  this  transition. 

411.  Augite  gabbro  lamprophyre.  This  is  a  melanocratic,  porphyritic,  medium  to  coarse 
grained  rock,  containing  phenocrysts  of  augite,  the  larger  bordered  with  primary  hornblende 
and  uralite.  Many  of  the  smaller  phenocrysts  are  chloritized  on  the  outside  and  serpentinized 
within.  The  groundmass  consists  of  plagioclase  (AbjAng),  common  hornblende,  and  biotite. 
Both  hornblende  and  biotite  are  in  part  later  than  the  feldspar.  The  accessories,  which  crys- 
tallized early,  are  iron  ores,  apatite,  and  titanite. 

254.  Augite  gabbro.  In  the  hand  specimen  this  rock  is  nearly  black,  medium  or  fine 
gramed,  granitic,  and  contauis  visible  augite,  magnetite,  and  biotite. 

In  the  thin  section  the  augite  is  seen  to  be  hypidiomorphic,  the  distinctly  pleochroic  grains 
constituting  about  55  per  cent  of  the  rock  mass.  A  strongly  pleochroic  yellow-brown  biotite 
makes  up  about  25  per  cent  of  the  rock  and  iron  ores,  in  part  later  than  the  pyroxene,  form  10  to 
15  per  cent.  The  biotite  is  later  than  both  the  augite  and  the  magnetite.  The  spaces  among 
these  minerals  are  filled  with  much-altered  plagioclase.  A  rock  similar  to  this  (specimen  246), 
much  brecciated  and  impregnated  witli  bornite  and  chalcocite,  is  worked  as  an  ore  of  copper. 
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Most  of  the  syenitic  rocks  occur  in  dikes  and  are  of  porphyritic  texture.  They  are  therefore 
described  under  the  heading  "Porphyritic  intnisives"  (p.  77).  Syenite  occurs,  however,  in 
batholithic  masses,  principally  a-s  a  differentiation  product  of  the  dioritic  magma.  The  rock 
shows  a  preponderance  of  soda  over  potassium,  as  would  be  expected  in  a  rock  derived  from  a 
dioritic  magma. 

43.  Albite  syenite,  from  a  dike  near  the  head  of  Hole  in  the  Wall.  This  is  a  fine-grained 
granitic  rock,  ranging  in  color  from  gray-green  to  red.  Its  chief  mineral  is  nearly  pure  albite 
showing  a  maxmium  extinction  angle  of  16°.  The  minor  constituents  are  orthoclase  (15  to  20 
per  cent)  and  biotite  (about  10  per  cent).  Apatite,  titanite,  and  magnetite  are  accessories, 
apatite  being  especially  abundant.  Although  the  texture  of  the  rock  is  granitic,  the  biotite 
was  in  part  the  last  product  of  crystallization.  The  rock  contains  scattered  grains  of  primary 
calcite  and  veinlets  of  secondary  calcite. 

116.  Albite  syenite,  from  a  point  li  miles  southeast  of  Boggs  Landing.  This  type  is  a  light- 
greenish  aphanitic  rock  that  shows  in  the  thin  section  a  fine-grained  granitic  texture.  About  90 
per  cent  of  it  is  albite  having  a  mean  refractive  index  of  about  1.530,  showing  the  presence  of 
about  15  per  cent  of  dissolved  orthoclase.  The  rock  contains  about  10  per  cent  of  quartz  but 
little  or  no  ferromagnesian  mmerals.  This  rock  and  No.  259  are  the  most  alkalic  rocks  collected 
from  Kasaan  Peninsula. 

GRANITE. 

A  second  phase  of  the  differentiated  diorite  magma  consists  of  rocks  rich  in  both  alkali 
feldspai-s  and  quartz.  Between  these  rocks  and  the  highly  alkalic  rocks  previously  described 
there  are  transitional  forms,  such  as  the  first  of  the  types  described  below.  The  more  quartzose 
rocks  are  in  general  later  and  smaller  in  bulk  than  the  highly  feldspathic  rocks. 

64.  Soda  granite,  fi-om  one  of  the  longest  granite  masses,  about  4  miles  south  of  Hadley. 
This  rock  is  light  greenish  gray,  is  medium  grained,  and  consists  of  visible  quartz,  plagioclase, 
and  biotite. 

In  the  thin  section  the  proportions  of  the  minerals  are  seen  to  be  about  as  follows:  Albite, 
70  per  cent;  quartz,  20  per  cent;  biotite,  10  per  cent.  The  composition  of  the  albite  is  about 
AbjsAui,  as  shown  by  its  refractive  index  and  extuiction  angle.  The  accessory  mmerals  are 
apatite  and  magnetite. 

396.  Soda  granite,  from  a  dike  north  of  Karta  Bay.  A  light  greenish-gray  and  medium- 
grained  granitic  rock.  The  minerals  distinguishable  in  the  hand  specimen  are  c[uartz,  plagio- 
clase, chlorite,  epidote,  magnetite,  and  pyrite. 

In  the  thin  section  the  quartz  (25  to  30  per  cent)  is  mainly  interstitial.  Tlie  plagioclase  has 
the  optic  properties  of  nearly  pure  albite.  These  two  minerals  make  up  about  98  per  cent  of 
the  rock.  The  chlorite  is  derived  from  biotite,  and  epidote  has  come  from  the  small  amount 
of  lime-bearing  plagioclase. 

39.  A  medium  to  coarse  gramed  red  granite  from  a  point  1  mile  north  of  Hadley,  consist- 
ing almost  exclusively  of  light-colored  constituents,  perthitic  orthoclase,  and  quartz  in  about 
equal  amounts.  The  dark  constituent  is  biotite.  This  is  the  most  acidic  intrusive  rock 
collected  from  the  peninsula. 

DETAILS   OF   OCCURRENCE. 

The  gi'anitic  intrusives  which  compose  Grindall  Island,  at  the  southeast  end  of  Kasaan 
Peninsula,  are  much  segregated  and  fractured.  The  segregations  are  essentially  masses  of  basic 
hornblende  locally  showing  ratliating  crystals  of  hornblende  a  few  inches  in  length.  In  places 
the  rock  grades  from  coaree-grained  to  fine-grained  diorite  within  a  short  space  and  at  other 
places  it  appears  to  have  been  fractured  and  the  fractures,  most  of  them  rather  wide,  filled 
with  tlioritc  of  fine  or  coarse  texture.  At  certain  points  a  gneissoid  banding  or  flow  structure 
was  noted  in  the  intrusive  mass  and  between  the  bands  are  irregular  masses  of  a  coaree  basic 

1  Petrographic  microscopic  descriptions  by  H.  E.  Merwin. 
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A.     DIORITE    ON     SOUTH    SIDE   OF    LYMAN    ANCHORAGE    NEAR    CONTACT    WITH     KASAAN     FORMATION. 
The  diorite  shows  parallel  arrangement  of  the  feldspar,  indicating  flow  structure 


B.     DIORITE    ONE-HALF    MILE    SOUTH    OF    LYMAN 
ANCHORAGE. 

An  aplite  dike  (of  lighter  shade  in  view  1  cuts  the  diorite  and  is 
faulted  along  a  joint  plane. 


■.     LIMESTONE    ON     SHORE    1     MILE    SOUTHEAST    OF 

LYMAN    ANCHORAGE. 

The  beds   of  limestone  are  in  places  metamorphosed  and 

traversed  by  small  dikes  of  basalt. 


D.     ALTERED    CONGLOMERATE    SHOWING     PORPHYRY    PEBBLES    IN    A    GROUNDMASS   OF    GRAYWACKE. 

View  taken  at  Rush  &.  Brown  mine. 
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diorite  a  foot  or  more  in  diameter.  These  phenomena  near  the  contact  of  the  largest  intrusive 
mass  on  Kasaan  Peninsula  seem  to  show  that  there  was  a  lack  of  uniformity  in  the  composi- 
tion of  the  original  magma  at  the  time  of  its  intrusion  and  that  after  the  first  intrusion  and 
consolidation  fracturing  occurred  and  atlditional  magma  was  forced  into  the  fractures.  A 
further  consolidation,  accompanied  by  fracturing  and  by  the  introduction  of  magmatic  solu- 
tions, may  account  for  the  pegmatitic  and  aplite  and  alaskite  dikes  which  are  most  common 
in  the  granitic  rocks  near  the  contact.      (PL  XVI,  A,  B.) 

At  Lyman  Anchorage  the  granitic  intrusive  at  the  contact  is  gneissoid,  the  structure  strik- 
ing N.  20°  E.  anil  the  dip  being  vertical,  parallel  to  the  contact.  This  dioritic  rock  is  cut  by 
veins  and  dikes,  the  largest  100  feet  wide,  of  orthoclase  quartz  pegmatites  or  alaskites,  and 
some  of  the  veins  grade  into  quartz  veinlets  a  few  inches  thick.  Most  of  the  minerals  in  these 
dikes  and  veins  are  coarsely  ciystalline.  At  the  contact  the  intruded  rocks  have  been  altered 
to  an  amphibole  scliist,  so  that  the  line  between  the  intrusive  and  intruded  rock  is  not  always 
clearly  defined.  A  short  distance  away  from  the  contact  the  intrusive  rock  is  diorite  of  uni- 
form texture,  though  it  contains  inclusions  of  basic  diorite  and  amphibolite.  These  inclusions 
as  well  as  the  diorite  some  distance  from  the  contact  are  cut  by  the  pegmatitic  dikes. 

The  main  cUorite  mass  on  Tolstoi  Mountain,  at  the  north  end  of  Kasaan  Peninsula,  is  almost 
identical  in  composition  and  character  with  that  at  Grindall  Point,  and  around  its  contact 
similar  phenomena  were  observed.  A  tjrpical  specimen  (No.  199)  from  Tolstoi  Mountain  has 
already  been  described  (p.  75). 

The  gabbro  is  limited  to  the  mass  that  includes  the  Goodro  mine  and  extends  northwest- 
ward beyond  the  Rush  &  Brown  mine,  but  only  part  of  this  mass  is  actually  gabbro.  The 
western  part  of  this  intrusive  mass,  which  is  indicated  on  the  m'ap  (PI.  XV),  is  made  up  of  nor- 
mal diorite.  The  eastern  part  of  the  mass  is  a  coarsely  ciystalline  augite  gabbro  (see  descrip- 
tions of  specimens  411  and  254,  p.  75),  sufficiently  rich  in  magnetite  to  deflect  the  compass. 
At  the  Goodro  mine  the  gabbro  is  cut  by  dikes  of  diorite  and  pegmatite,  so  the  gabbro  is 
somewhat  older  than  the  diorite.  Both  the  gabbro  and  diorite  are  altered  in  places  and  con- 
tain epidote  and  calcite.  At  this  mine  a  great  number  of  dikes  and  veins  of  feldspar  and  quartz, 
many  of  them  containing  coarse  ciystals  of  amphibole,  lie  near  the  ore  body. 

Near  the  Rush  &  Brown  mine  the  diorite  contains  numerous  inclusions  of  the  gabbro, 
which  is  therefore  the  older.  Here  also  the  gabbro  and  diorite  are  cut  by  dikes  and  veins  of 
pegmatite  and  have  been  somewhat  altered  by  the  mineralizing  solutions  that  deposited  the 
epidote,  calcite,  and  pyrite. 

Granitic  intrusive  of  the  syenite  type  was  found  near  the  contact  of  the  large  intrusive  mass 
at  Boggs  Landing.  Granitic  intrusive  having  a  porphjritic  texture  occurs  in  large  dikes  and 
is  described  under  the  heacUng  "Porphyritic  intrusives"  (below).  At  many  places  syenite 
forms  a  part  of  the  granitic  intrusive  masses  near  their  contacts  and  is  merely  a  phase  of  the 
general  dioritic  mass.  The  syenite,  however,  contains  inclusions  of  diorite  and  fills  fractures 
in  the  diorite  and  is  therefore  regarded  as  of  somewhat  later  intrusion  that  the  diorite,  though 
in  all  other  features  the  two  types  of  rock  are  identical. 

The  granites,  which  are  also  regarded  as  a  phase  of  the  dioritic  intrusives,  are  similar  in 
occurrence  to  the  syenites.  At  a  point  4  mUes  southeast  of  Hadley  there  is  a  mass  of  granite 
nearly  half  a  mUe  wide,  and  at  a  point  a  mUe  northwest  of  Hadley,  at  the  contact  of  a  large 
mass  of  diorite,  there  is  a  similar  gi-anitic  mass.  A  thii'd  and  larger  mass  of  granite  lies  north 
of  Karta  Bay.  The  rock  of  this  mass,  however,  is  rich  in  plagioclase  and  approaches  a  quartz 
diorite  in  composition.  The  features  of  the  occurrence  of  these  granitic  masses  are  the  same 
as  those  of  the  diorite. 

•       POKPHTRITIC  INTRTTSIVHS. 
GENERAL   Cn.\RACTER   AND   DISTRIBUTION. 

In  general  the  porphyi-itic  rocks  occur  in  the  form  of  dikes  that  are  from  10  to  100  feet 
wide  and  stand  nearly  vertical.  Most  of  these  dikes  strike  north  to  northwest  but  some  strike 
nearly  east.     In  color  the  porphyiies  are  greenish  to  pinkish  antl  generally  show  well-developed 
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though  closely  crowded  feldspar  crystals.  The  phenocrysts  are  principally  plagioclase  feldspar 
and  augite  or  hornblende,  the  groundmass  being  niicrogranular  and  made  up  essentially  of 
feldspar  and  some  quartz.  The  porphyries  are  generally  of  syenite,  those  of  granite  diorite 
being  scarcer.  Ore  deposits  occur  at  the  contacts  of  some  of  the  larger  porphyry  dikes,  and 
although  most  of  them  are  commercially  unimportant  they  are  of  geologic  interest  and  are 
described  under  the  heading  "Copper  ores"  (p.  85).  The  distribution  of  the  porphyi-ies  is 
shown  on  the  geologic  map  (PI.  XV). 

DIORITE   PORPHYRIES. 

It  was  not  generally  possible  in  the  field  to  distinguish  the  diorite  porphyries  from  the 
related  syenite  porphyries.  In  fact,  the  diorite  porphyries  form  a  transitional  group  between 
the  diorite,  the  syenite  porphyries,  and  the  granite  porphyries. 

In  these  porphyries  quartz,  orthoclase,  and  augite  are  more  abundant  than  in  the  diorite,^ 
and  the  plagioclase  is  more  sodic.  Some  of  the  diorite  porphyry  dikes  are  more  basic  near  the 
contact.  A  dike  60  feet  wide,  on  the  east  side  of  Tolstoi  Bay,  contains  in  its  central  part  about 
40  per  cent  of  hornblende,  which  is  mostly  in  phenocrysts  associated  with  plagioclase  but  is 
partly  in  the  groundmass  with  about  equal  amounts  of  quartz,  orthoclase,  and  plagioclase 
(specimen  222).  A  specimen  taken  near  the  contact  (specimen  223)  contains  about  65  per  cent 
of  hornblende,  mostly  in  the  fine-grained  gi'oundmass. 

But  few  of  the  specimens  of  diorite  porphyry  examined  were  fresh  enough  to  warrant  more 
definite  statements  concerning  their  original  mineral  composition  than  have  already  been  made. 
The  two  specimens  described  below,  taken  from  places  near  the  coast  about  one-fourth  of  a 
mile  west  of  Hadley,  are  comparatively  fresh. 

Specimen  46.  Augite  diorite  porphyry.  The  hand  specimen  is  a  dark-gray  medium-grained 
porphyritic  rock  with  abundant  phenocrysts  of  plagioclase  and  augite,  the  augite  presenting  many 
glistening  cleavage  surfaces  and  crystal  faces. 

In  the  thin  section  the  plagioclase  is  seen  to  be  twinned  according  to  both  the  Carlsbad  and 
albite  laws,  and  its  composition  was  determined  as  about  AbjAjij-  The  augite  phenocrysts 
are  in  part  glassy,  clear,  and  faintly  colored,  and  are  in  part  uralitized.  Some  augite  crystals 
are  surrounded  by  primary  hornblende.  The  groundmass  consists  of  plagioclase,  augite,  horn- 
blende, biotite,  orthoclase,  and  quartz.  Orthoclase  is  intergrown  with  quartz.  Apatite  and 
magnetite  are  abundant,  the  apatite  forming  numerous  trellis-like  structures  composed  of  long, 
slender  needles,  structures  so  frail  that  it  is  difficult  to  understand  how  they  could  have  been 
preserved  while  the  rock  was  in  process  of  solidification.  The  plagioclase  forms  about  50  per 
cent  of  the  rock,  and  the  dark  constituents  .35  per  cent. 

Specimen  48.  Diorite  granophyre.  This  is  a  dark  reddish-gray  rock,  fine  grained  and  por- 
phyritic.  The  phenocrysts  are  strongly  zoned  plagioclase,  ranging  in  composition  from  basic 
andesine  tlu'ough  oligoclase,  the  interiors  being  most  calcic.  The  gi'oundmass  consists  essen- 
tially of  plagioclase,  quartz,  and  orthoclase,  the  last  two  minerals  being  intergrown  as  micro- 
pegmatite.  Quartz  and  orthoclase  occupy  about  25  per  cent  of  the  area  of  the  slide;  dark 
silicates,  hornblende,  and  biotite,  less  than  10  per  cent.  Magnetite,  titanite,  and  apatite  are 
accessories. 

SYENITE  PORPHYRIES. 

Most  of  the  syenitic  rocks  are  of  porphyritic  texture,  but  some  are  granitic.  They  occur  in 
dikes  and  contain  the  highly  alkalic  differentiation  products  of  the  diorite  magma.  These  alkali 
rocks  form  a  series  that  stands  between  two  extreme  types,  one  highly  potassic,  the  other 
highly  sodic.  The  mass  of  the  sodic  type  is  much  the  greater,  judging  from  the  relative  abun- 
dance of  the  specimens  of  the  two  types  collected.  Soda  should  preponderate  in  the  syenites  on 
account  of  the  relatively  high  soda  content  of  the  diorite  from  which  they  were  derived. 

Specimen  259.  Calcite  syenite  porphyry,  from  a  dike  near  the  head  of  Karta  Bay. 

In  the  hand  specimen  the  rock  is  light  yellowish  gray,  fine  gi-ained,  and  porpiiyritic. 
Equidimensional  phenocrysts  of  faintly  greenish  feldspar  about  3  millimeters  in  diameter  form 
about  2  per  cent  of  the  rock;  other  phenocrysts  of  rhombic  habit,  about  0.5  millimeter  in 
diameter,  make  up  a  larger  percentage.     On  weathered  parts  of  the  rock  the  phenocrysts  have 
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been  dissolved  and  the  cavities  filled  with  limonite.  The  phenocrysts  effervesce  freely  in 
hot  dilute  hydrochloric  acid,  and  therefore  appear  to  be  ferruginous  calcite.  Weathered  sur- 
faces of  the  rock  are  chocolate-colored,  and  broken  surfaces  of  weathered  parts  are  light  brown 
specked  with  dark  brown. 

In  the  thin  section  the  rock  is  seen  to  be  holocrystalline.  The  phenocrysts  of  feldspar 
have  symmetric  extinction  angles  of  albite  twins  as  high  as  16°,  and  refractive  indices  of  about 
«r=  1.529,  7-=  1.537.  These  angles  and  refractive  indices  point  to  albite.  The  borders  of  the 
phenocrysts  show  the  effects  of  resorption  and  subsequent  renewed  growth.  The  latest  material 
appears  to  have  been  crystallized  contemporaneously  with  the  groundmass,  as  shown  by  inter- 
penetration.  The  calcite  phenocrysts  occur  as  euhedral  crystals,  having  the  habit  of  the  unit 
rhombohedron.  By  a  geometric  analysis  of  three  slides  these  crystals  were  foimd  to  make 
up  3  to  6  per  cent  of  the  rock  mass.  Small  calcite  rhombs  are  included  in  the  albite  phenocrysts, 
showing  that  the  calcite  was  the  earliest  of  the  essential  constituents  to  crystallize.  The  refrac- 
tive index  w  of  the  calcite  is  1.742  ±  0.003.  For  pure  calcite  uj=  1.658-1- .  The  high  refractive 
index  of  the  phenocrysts  must  be  due  to  the  presence  of  siderite. 

The  groundmass  consists  of  sheaf-like  aggregates  of  finely  fibrous  feldspar.  A  few  of  the 
coarser  fibers,  possibly  phenocrysts,  exliibit  albite  twmning  and  an  observed  maximmn  symmet- 
ric extinction  of  17°.  The  refractive  indices  a  and  ;-  are  1.524  and  1.531.  From  these  facts 
alone  it  would  be  difficult  to  decide  whether  the  feldspar  should  be  considered  as  soda  orthoclase 
or  as  a  potash-rich  albite.  Too  little  is  known  of  the  relation  between  chemical  composition  and 
the  refractive  index  of  the  soda-potash  feldspar  to  make  one  the  basis  for  estimating  the  other. 
No  feldspar  of  lower  refractive  index  was  found  in  the  slides.  Interstitial  quartz  occurs  in  small 
isolated  patches  and  probably  as  thin  films  among  the  feldspars.  Its  bulk  is  estimated  at  5  per 
cent  or  less.  From  2\  to  3  per  cent  of  calcite  is  scattered  through  the  groundmass  in  minute 
rhombs,  either  singly  or  clustered.  The  accessory  minerals,  each  amounting  to  less  than  1  per 
cent,  are  muscovite,  apatite,  possibly  zircon,  and  a  fibrous  mineral  having  the  general  optic 
properties  of  a  yellow-green  amphibole. 

An  analysis  of  this  rock  by  R.  C.  Wells  has  been  calculated  inlo  normative  minerals  accord- 
ing to  the  methods  of  the  quantitative  system,  except  that,  the  lime  being  insufficient  to  combine 
with  the  CO2  to  form  calcite,  FeO  was  used  to  form  siderite.  In  classifying  the  rock  siderite  was 
grouped  with  calcite. 

The  ratio  of  calcite  to  siderite  calculated  from  the  analysis  is  lower  tlian  would  be  inferred 
from  the  refractive  index  of  the  calcite  plienocrysts.  It  is  possible  that  the  small  rhombs  of 
calcite  in  the  groundmass  are  richer  in  iron  than  the  phenocrysts. 

Chemically  and  texturally  the  rock  is  a  distinctly  new  t^-pe.  Chemically,  however,  it  can 
be  made  to  conform  to  the  quantitative  sj'stem  of  classification  by  changiBg  the  method  of 
calculating  the  minerals  as  described  above.  TexturaUv,  the  occurrence  of  calcite  in  euhedral 
crystals  in  an  igneous  rock  is  unique.  There  can  scarcely  be  any  doubt  that  the  calcite  crys- 
tallized dii-ectly  from  the  magma.  According  to  Adams  and  Barlow,'  primary  calcite  has  been 
found  in  granular  form  in  igneous  rock.  The  rocks  described  by  them  do  not  contain  free 
silica,  as  this  rock  does. 

Analysis  of  calcite  syenite  porphyry. 

[By  B.  C.  Wells.] 


SiOj 63.  41 

AI2O3 16.  86 

FejOj None. 

FeO 2.88 

MgO Trace. 

CaO 1.  47 

Na^O 7.  38 

K2O 3.  09 

HjO- 29 

H2O+ 42 

TiO, 26 


ZrOj 0.  04 

CO, 2.93 

P265 12 

SO3 None. 

CI None. 

S 05 

iMnO 28 

BaO None. 


99.48 


^  .Vdams,  F.  D.,  and  Barlow,  .\.  E.,  Geology  of  the  Haliburton  and  Bancroft  areas,  Ontario:  Oeol.  Survey  Canada,  Mem.  6. 
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Calculated  mineral  composition. 


Corundum 1-  06 

Quartz 8  74 

Orthoclase 18.  35 

Albite 62.  35 

Calcite 2.  30 

Siderite 5. 10 


Apatite 0.  34 

Rutile 26 

Water 71 

99.21 


This  calculated  composition  corresponds  to  nordmarkose. 

Specimen  291 .  Augite  trachyte,  from  a  point  near  the  head  of  Karta  Bay.  This  is  a  greenish- 
gray  medium-gi-ained  porphyritic  rock  containing  abundant  tabular  phenocrysts  of  orthoclase 
arranged  in  flow  stmcttu-e.  Augite  forms  phenocrysts  and  is  a  cliief  constituent  of  the  ground- 
mass.     Magnetite  is  easily  recognized  by  means  of  a  lens. 

Under  the  microscope  the  orthoclase  phenocrysts  appear  to  make  up  about  50  per  cent 
of  the  mass  of  the  rock.  They  are  fresh  and  almost  glassy,  much  resorbed,  and  hold  inclusions 
of  augite,  plagioclase,  and  magnetite.  One  slender  crystal  is  bent  in  an  arc  of  9°.  The  bending 
has  not  caused  perceptible  fracture,  but  the  positions  of  extinction  instead  of  being  turned  9° 
are  turned  13°  on  the  convex  side  and  6°  on  the  concave  side  of  the  crystal.  From  determina- 
tions of  the  refractive  indices  of  the  orthoclase  (made  by  methods  based  on  immersion)  it  appears 
to  be  a  nearly  pure  potash  feldspar  (a=  1.517±0.001, 7-=  1.525±0.001).  The  extinction  on  010 
is  7°  and  the  optic  axial  angle  near  the  maximum  for  orthoclase.  Augite  in  crystals  of  various 
sizes  makes  up  about  30  per  cent  of  the  mass  of  the  rock.  Biotite  that  is  altered  to  chlorite 
and  some  epidote,  a  very  minor  constituent,  were  formed  later  than  the  augite  and  orthoclase. 
The  groundmass  consists  of  almost  completely  altered  plagioclase,  the  crystals  having  been 
originally  not  much  smaller  than  those  of  the  phenocrysts.  Muscovite  and  epidote  are  the 
chief  present  constituents  of  the  groundmass.  The  freslxness  of  the  orthoclase  and  augite  and 
the  very  far  advanced  alteration  of  the  plagioclase  and  biotite  are  remarkable.  All  the  observed 
extinction  angles  of  the  plagioclase  were  less  than  13°,  so  that  it  is  nearlj'-  pure  albite. 

Syenite  lamproplip'e  dikes,  consisting  largely  of  ferromagnesian  minerals  with  subordinate 
alkali  feldspars,  were  intruded  at  the  same  general  period  as  the  syenites.  Such  chke  rocks  bear 
the  same  relation  to  the  syenites  that  the  gabbros  bear  to  the  diorite,  with  the  exception  that 
the  gabbros  consohdated  as  marginal  f  acies  of  the  diorite,  where  they  had  accumulated  dming 
differentiation.  Wliile  the  gabbros  were  in  process  of  consolidation  the  forces  that  caused 
Assuring  were  not  strongly  active,  but  while  the  lamprophyres  were  consohdating  these  forces 
must  have  been  nearly  at  then-  period  of  greatest  activity.  Specimen  108,  from  a  dike  cutting 
albite  syenite,  contains  about  40  per  cent  of  augite  in  phenocrysts,  15  per  cent  of  hornblende, 
10  to  15  per  cent  of  chlorite,  a  little  calcite,  and  30  per  cent  of  albite.  Specimen  250  contains 
about  70  per  cent  of  ferromagnesian  minerals  (now  chiefly  uralite  and  epidote)  and  30  per  cent 
of  orthoclase. 


GRANrTE    PORPHYRIES. 


35.  Quartz  porphyry,  from  a  dike  about  2  miles  northwest  of  Hadley.  Tliis  rock  is  nearly 
white  and  translucent,  containing  scattered  phenocrysts  of  quartz  in  a  very  fine  grained  ground- 
mass  of  plagioclase,  quartz,  and  muscovite.     The  phenocrysts  have  been  considerably  resorbed. 

769.  Granophyre,  a  dark-red  fine-gi'ained  rock  from  a  dike  in  Stevenstown  tunnel.  A 
first  generation  of  albite  in  scattered  crystals  was  followed  by  a  second  generation  of  albite  in 
abundant  idiomorpliic  crystals.  The  groundmass  is  micropegmatitic,  quartz  being  intergrown 
with  both  orthoclase  and  plagioclase.  Musco\dte,  biotite,  and  hornblende  are  accessories. 
Primary  calcite  appears  in  this  rock  in  two  forms,  first,  as  an  early  crystalhzation  in  distinct 
rhombs  included  in  the  albite;  second,  in  interstitial  intergi'owth  with  quartz  as  a  fuial  crystal- 
lization. 


AGE    OF   THE    PORPHYRIES. 


The  porphpies  are  presumably  younger  than  the  granitic  intrusives  because  of  their 
relation  to  these  intrusives  in  composition  and  occurrence.     The  syenite  porphjTies  at  least 
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are  older  than  the  ore  deposits,  for  many  of  the  contact  ore  bodies  he  at  their  contact.  Such 
ore  deposits  were  not  noted  at  the  contact  of  the  diorite  porphyry  chkes,  which  crosscut  the 
syenite  porphyries  and  hence  are  younger  than  the  syenites. 

PEGMATITES,  ALASKITES.  AND  APLITES. 
GENERAL    FEATVRE.S. 

Dike  or  vein  rocks  that  are  made  up  essentially  of  feldspar  and  quartz — such  as  the  pegma- 
tites, aplites,  and  alaskites — are  not  plentiful  on  Kasaan  Peninsula  and  are  found  only  at  places 
near  the  periphery  of  the  large  granitic  intrusive  masses.  At  these  places  such  dikes  cut  both 
the  large  intrusive  masses  and  the  intruded  sedimentary  rocks.  They  occupy  narrow  seams 
and  large  fissures  and  strike  in  various  directions,  following  no  particular  systems  of  fracturing. 
In  mineral  composition  these  rocks  consist  essentialh'  of  orthoclase,  some  albite,  and  quartz. 
The  coarsely  crystalline  types  are  known  as  alaskites  and  pegmatites,  whereas  the  fine-grained 
rocks  of  practically  the  same  composition  are  called  aphtes.  Only  two  specimens  of  these  rocks, 
representing  a  somewhat  pecuhar  type,  are  described  here. 

PETROGRAPHIC    DETAIL. 

Specimen  137.  Calcite  alaskite  aphte,  a  fine-grained  hght-pink  rock,  when  examined  micro- 
scopically, was  found  to  consist  of  about  60  per  cent  of  orthoclase,  30  per  cent  of  quartz,  9 
per  cent  of  primary  calcite,  and  a  little  plagioclase.  The  red  color  of  the  rock  is  due  to  dusty 
hematite  sprinkled  through  the  feldspar.     The  rock  is  very  fresh.     (See  PI.  X\T^I,  C,  D.) 

Two  periods  of  crystallization  can  be  made  out.  In  the  firet  period  quartz,  orthoclase,  and 
a  little  calcite  formed  an  even-grained  mass  penetrated  by  spider-like  stringei-s  of  the  mother 
hquor.  In  the  second,  the  mother  hquor  sohdified  in  a  partly  granular,  partly  poikiUtic  mass. 
Orthoclase  and  calcite  are  much  more  abundant  in  the  later  crystallization,  and  the  calcite  is 
coarser  grained  and  anhedral. 

The  proportion  of  orthoclase  to  plagioclase  is  much  greater  in  this  rock  than  in  any  other 
examined. 

Specimen  767.  Alaskite  aplite.  This  rock,  taken  from  a  dike  1  inch  wide  in  the  Stevens- 
town  tunnel,  contains  10  to  15  per  cent  of  albite,  40  to  50  per  cent  of  orthoclase  and  niicrocline, 
and  30  to  35  per  cent  of  quartz.  The  dike  cuts  syenite.  From  the  broken  phenocrysts  in  the 
syenite  parallel  growth  of  feldspar  has  taken  place  in  the  dike,  indicating  that  the  temperature 
of  the  dike  was  not  very  different  from  the  temperature  of  the  syenite  when  the  dike  was 
intruded.  The  feldspar  of  the  syenite  is  considerably  altered  by  weathering,  but  that  of  the 
dike  is  still  fresh.  It  is  this  difference  in  alteration  that  makes  it  possible  to  trace  the  boundary 
of  the  dike  through  optically  continuous  crystals. 


Their  composition  and  their  mode  of  occurrence  as  fillings  of  small  and  wide  cracks  having 
various  courses,  in  both  the  intrusive  and  intruded  rocks,  suggest,  as  has  often  been  pointed 
out  bj"  geologists,  that  the  magma  which  formed  these  dike  rocks  was  injected  soon  after  the 
intrusion  of  the  diorites  and  that  the  fissures  they  fill  are  contraction  cracks  caused  by  the 
shrinkage  that  accompanied  the  coohng  and  crystaUization  of  the  igneous  intrusive  masses. 

The  rocks  of  this  group  are  assumed  to  have  been  derived  from  the  same  magma  that 
furnished  the  granitic  intrusives  and  to  have  been  formed  from  aqueo-igneous  solutions  that 
contained  more  water  than  the  diorite  magma. 

The  age  of  the  pegmatite  and  aphte  as  compared  with  that  of  the  porphjries  is  not  shown 
by  interecction,  but  the  intimate  relations  of  the  granitic  intrusives  to  the  pegmatite  and  aphte 
when  compared  with  the  relations  of  these  intrusives  to  the  porphyries  show  that  the  porphyries 
are  younger  than  either  the  granitic  intrusives  or  the  pegmatites  and  aphtes. 

45925°— 15 6 


PLATE  XVII. 

A,  B.  Microscopic  views  of  alaskite  aplite  (specimen  767,  see  p.  81).  A,  Section  showing  contact  of  an  alaskite 
aplite  dike  (lighter  area)  with  syenite.  B,  Same  section  under  crossed  nicols,  showing  optical  continuity 
between  the  crystals  of  microcline  (a)  and  of  orthoclase  (6)  in  the  syenite  and  the  aplite.  Dotted  line 
indicates  line  of  contact. 

C,  D.  Microscopic  views  of  calcite  alaskite  aplite  (specimen  137,  see  p.  81).  C,  View  under  crossed  nicols,  showing 
textirre.  Early  crystallization  is  indicated  by  the  coarse  granular  textiu-e  and  later  crystallization  by  the 
areas  of  calcite  (outlined)  and  the  fine-grained  texture.  D,  Same  section  without  nicols  crossed,  showing 
areas  of  calcite. 

82 
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GENERAL   FEATURES. 


The  name  "contact  rock"  is  applied  to  the  metamorphic  rock  that  occurs  in  zones  around 
the  granitic  intrusive  masses  and  that  has  at  many  locahties  replaced  the  granitic  rock.  In 
composition  it  consists  mainly  of  garnet,  diopside,  and  feldspar,  but  it  contains  also  hornblende 
and  tremolite  and  some  calcite.  It  includes  masses  and  disseminated  particles  of  sulphide 
minerals  and  masses  of  magnetite  containing  sulphide  ores.  A  sample  of  this  rock  (specimen 
Ml)  taken  for  chemical  analysis  is  described  below. 


PETROGRAPHIC   DETAIL. 


Specimen  Ml.  Rock  from  contact  zone  between  the  limestone  and  the  intrusive  rock  at 
the  Mamie  mine,  1^  miles  south  of  Hadley. 

The  chemical  analysis,  made  by  George  Steiger,  shows  that  this  rock  has  the  composition 
of  a  monzonite  rich  in  Unie.  The  intrusive  rock  at  the  Mamie  mine  goes  under  the  field  name 
of  syenite,  but  an  examination  of  six  thin  sections  from  several  drill  cores  of  the  partly  altered 
intrusive  rock  shows  that  considerably  less  than  half  the  feldspar  is  orthoclase  and  that  the 
plagioclase  is  basic  ohgoclase  and  acidic  andesine.  The  rock  contains  also  a  small  amount  of 
quartz.  The  ferromagncsian  minerals  are  miich  subordinate  to  the  feldspar.  The  mineral 
composition  therefore  shows  that  the  rock  is  a  monzonite,  and  that  it  is  part  of  the  intrusive 
mass.  Its  slightly  higher  content  of  Ume  than  most  monzonites  is  probably  due  to  lime  brought 
in  from  the  adjacent  limestone. 

The  rock  consists  of  about  50  to  60  per  cent  of  plagioclase  (albite  and  ohgoclase),  10  per 
cent  of  orthoclase,  20  per  cent  of  epidote,  and  10  to  15  per  cent  of  calcite.  It  contains  also  a 
lath-shaped  mineral,  confuied  chiefly  to  secondary  veinlets,  wliich  is  somewhat  unlike  ordinary 
rock-making  minerals.  Its  index  of  refraction  ranges  from  1.5S  to  1.625,  its  optic  axial  angle  is 
large,  optical  character  positive,  birefringence  rather  strong,  extinction  parallel  or  nearly  so, 
and  elongation  positive.     These  characters  agree  very  well  with  pectolite  or  prehnite. 

In  the  hand  specimen  the  rock  is  greenish  gray  in  color  and  aphanitic. 

Analyses  of  monzonites  from  Kasaan  Peninsula,  Alasha  (A),  and  from  Babcoch  Peak,  Colo.  {B). 
t-^Jialysis  A  by  George  Steiger;  B  by  n.  N.  Stokes.] 
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DIABASES  AND  BASALTS. 


GENERAL   CHARACTER. 


The  more  basic  intrusive  rocks,  as  well  as  the  most  recent,  are  essentially  diabase  and  basalt. 
These  rocks  form  dikes  that  range  in  width  from  1  foot  to  many  feet,  in  texture  from  micro- 
granular  to  coarse  granular,  and  in  color  from  dark  green  to  black.  The  dikes  cut  the  country 
rock  at  many  places  and  penetrate  the  joints  in  the  granitic  intrusives.  They  also  cut  the  ore 
deposits  in  most  of  the  mine  workings.  The  diabase  dikes  are  generally  larger,  more  coarsely 
crystalline,  and  older  than  the  basalt  dikes,  which  are  cut  by  the  diabase  dikes. 
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PETEOGEAPHIC   DETAIL. 

Specimen  265.  Hornblende  dolerite.  This  rock,  from  the  north  shore  of  Karta  Bay, 
contains  about  45  per  cent  of  labradorite  in  phenocrysts  surrounded  by  a  groundinass  including 
both  granular  and  poikilitic  hornblende.  The  hornblende  is  of  the  typical  basaltic  variety, 
ha\Tng  a  maximum  extinction  of  10°  and  pleochroic  as  follows:  Z  and  Y  dark  red-brown,  X 
very  light  yellow-brown,  absorption  Z>Y>X.  This  hornblende  is  rare  in  tlie  basic  igneous 
rocks  of  southeastern  Alaska,  its  place  usually  being  taken  by  varieties  of  common  hornblende. 
The  rock  contains  about  10  per  cent  of  magnetite,  which  crystallized  early,  in  branching  and 
simple  octahedral  forms.;  The  rock  contains  a  small  amount  of  biotite,  which  is  pleochroic, 
rangmg  from  almost  black  to  veiy  light  yellowish  brown. 

Specunen  65.  Dolerite  (diabase),  from  a  dike  about  4  miles  south  of  Hadley.  A  medium 
to  fine  grained  rock  containing  zoned  plagioclase  of  composition  ranging  from  Ab2An3  to 
AbiAjij.  Titaniferous  augite  occurs  both  m  grains  and  in  irregular  masses  having  an  ophitic 
intergrowth  of  feldspar.     Magnetite  inclosing  feldspar  forms  large  poikilitic  masses. 

Specimen  11.  Hornblende  basalt,  from  a  dike  3^  miles  northwest  of  Hadley.  This  rock 
is  hypocrystalline  porphyritic,  having  phenociysts  of  hornblende,  completely  altered  to  serpen- 
tme  and  chlorite,  scattered  through  a  groundmass  of  plagioclase,  augite,  basaltic  hornblende, 
iron  ore,  and  glass.  The  augite  is  in  part  at  least  earlier  than  the  feldspar,  the  basaltic  horn- 
blende is  in  part  earlier  and  in  part  later  than  the  feldspar.  Interstices  among  the  minerals 
once  probably  filled  with  glass  are  now  masses  of  calcite  and  clilorite.  Many  small  amygdules 
have  been  lined  with  cliloiite  and  subsequently  filled  uith  calcite. 

Specunen  3S6a.  Melaphyre  (basalt).  A  fuae-grained  hypocrystalline  rock  contauiing 
scattered  phenociysts  of  serpen tinized  augite  and  feldspar  (AbjAjij).  The  partly  glassy  ground- 
mass  or  base  is  filled  with  dark-brown  needle-shaped  ciystalHtes,  which  extmguish  obhquely. 
Ainygdular  cavities  are  filled  with  calcite. 


The  geologic  period  in  which  these  basic  diabase  and  basaltic  dike  rocks  were  intruded  into 
the  metamorphic  rocks  of  Kasaan  Peninsula  can  be  determined  only  by  their  relations  to  the 
other  intrusive  rocks.  These  dike  rocks  intereect  the  granitic  intrusives,  the  porphyries,  and 
the  ore  deposits,  and  also  occur  along  joint  planes  both  in  the  intrusive  and  intruded  rocks. 
They  are  therefore  the  most  recent  rocks  formed  on  Kasaan  Peninsula  and,  judging  from  the 
occurrence  of  these  rocks  at  other  locahties  in  the  Ketchikan  district,  they  are  probably  of 
Tertiaiy  age.  The  basalt  dikes  crosscut  the  dikes  of  diabase  and  dolerite  and  are  therefore 
the  younger. 

GEOLOGIC  HISTORY. 

The  geologic  record  of  events  on  Kasaan  Peninsula  begins  -with  the  deposition  of  a  series 
of  fragmental  rocks,  now  represented  by  banded  quartzites,  gray^vackes,  and  conglomerates, 
and  some  tuflaceous  beds.  This  series  includes  narrow  beds  of  limestone  which,  though  no 
fossils  were  found  in  them,  are  beHeved  to  be  Devonian.  The  entire  series  is  much  folded  and 
its  beds  stand  nearly  vertical,  so  that  its  thickness  is  difficult  to  determine,  but  it  is  beheved 
to  be  several  thousand  feet  thick. 

There  is  no  other  geologic  record  until  the  early  part  of  the  Mesozoic  era,  but  in  the  mean- 
tinle  these  sediments  were  subjected  to  intense  metamorphism  and  partial  recrystalhzation 
due  to  pressure  of  overlying  strata  and  to  structural  changes,  which  caused  the  beds  to  become 
intricately  folded,  the  direction  of  the  axes  of  folding  bemg  generally  northwest. 

During  early  Mesozoic  time  the  rocks  of  the  region  were  invaded  by  granitic  intrusives. 
This  granitic  intrusion  was  a  most  important  geologic  event,  as  it  caused  the  deposition  of  the 
ore  bodies.  It  extended  over  a  long  period  and  produced  much  fracturing,  folding,  and  meta- 
moiphism  of  the  invaded  rocks.  This  intrusion  was  probably  deep  seated  and  the  intruded 
rock  solidifietl  far  below  the  surface  of  that  time,  as  there  is  no  e\adence  that  it  extended  to  the 
surface.     After  the  granite  solidified  the  pegmatite-aplite  dikes  were  injected  from  the  still 


COPPER  ORES  OF  KASAAN  PESIXSULA.  85 

fluid  portions  of  the  granitic  magma.  Cracks  and  fissures  were  then  formed  near  the  contact 
of  the  intrusive  rocks.  These  openings,  which  may  have  been  caused  by  contractions  due  to 
further  cooling  of  the  intrusive  mass,  served  as  channels  for  carrying  the  mineralizing  solutions 
from  which  the  ores  were  deposited. 

The  porphjTitic  dike  rocks  were  also  intruded  into  the  sedimentary  strata  about  this  time 
and  produced  much  metamorphism  m  the  adjacent  sediments,  and  locally  along  the  contact 
rock  sulphides  were  formed,  though  so  far  as  known  less  abundantly  than  along  the  granitic 
masses. 

A  period  of  active  erosion  followed  the  uphft  of  the  Kasaan  Peninsula  caused  by  the 
invading  granitic  masses,  and  during  tliis  epoch  the  main  valleys,  Clarence  Straits  and  Kasaan 
Bay,  which  may  have  been  begun  at  an  earUer  period,  were  greatl}'  deepened.  This  period  of 
erosion  continued  until  the  underlj-ing  granitic  intrusives  were  exposed  and  the  main  features 
of  the  present  topographic  rehef  were  formed.  Later  the  land  subsided,  these  main  valleys 
became  salt  water  channels,  and  then  followed  the  ice  period,  which  submerged  these  moun- 
tains under  a  sea  of  ice.  The  ice  streams  advanced  from  the  northwest,  carried  erosion  still 
farther,  and  brought  with  them  bowlders  and  debris  foreign  to  the  region,  depositing  this 
material  on  the  liilltops  and  forming  bench  deposits  on  the  vaDey  slopes.  After  the  retreat  of 
tliis  ice  sheet  erosion  continiied  to  deepen  the  gulches  and  remove  the  deposits  left  by  the 
glaciers. 

The  effects  of  this  erosion  on  the  ore  deposits,  located  as  they  are  on  the  mountain  tops 
and  liillsides  in  rocks  httle  affected  by  chemical  action,  such  as  oxidation,  has  been  extensive 
and  therefore  the  ore  deposits  are  primary,  whereas  those  in  most  mineral-bearing  regions  are 
secondary. 

COPPER  ORES. 

GENERAL    FEATUBES. 

The  copper  deposits  on  Kasaan  Peninsula  consist  of  primary  ores  which  show  but  sUght 
traces  of  weathering  or  of  concentration  by  circulating  waters.  They  are  similar  in  occurrence 
to  the  ores  on  Copper  Mountain,  which  have  ah'eady  been  described  (p.  44). 

Four  tj'pes  or  ore  deposits,  defined  principally  by  their  mineral  composition  but  also  by 
then-  mode  of  occurrence,  have  been  recognized: 

1.  Contact  deposits  forming  UTegular  masses  along  intrusive  contacts  and  consisting  of 
chalcop^Tite-magnetite  ores  and  chalcopyrite-pyrrhotite  ores  associated  with  amphibole,  garnet, 
feldspar,  epidote,  and  calcite. 

2.  Disseminated  deposits  forming  irregular,  ill-defined  masses  in  gabbro  intrusives,  and 
consisting  of  bornite-chalcopjTite  ores  intimately  associated  -w-ith  the  primary  minerals  of  the 
intrusive  rock  and  secondary  epidote  and  calcite. 

3.  Shear-zone  deposits  occupying  fissures  along  shearing  planes  in  the  grayrv^ackes,  con- 
sisting of  chalcopjTite-pyrite-sphalerite  ores  associated  with  a  quartz-calcite-barite  gangue. 

4.  Vein  deposits  occupying  fissures  in  hmestones  and  gi-anitic  intrusives  and  consisting  of 
galena-sphalerite-chalcopyrite  ores  in  a  quartz-calcite-barite  gangue  and  auriferous  pyrite  in 
quartz  veins. 

The  deposits  of  the  fu-st  and  third  types  are  the  principal  copper  producers  (1908).  Deposits 
of  the  second  type  are  being  developed  at  several  places,  and  from  one  mine — the  Goodro — 
slupments  of  ore  taken  from  deposits  of  tliis  type  have  been  made.  Deposits  of  the  tliird  type 
have  been  developed  at  the  Rush  &  Brown  mine  and  at  certain  prospects.  The  vein  deposits 
of  the  fourth  type  have  been  prospected  at  several  points  but  have  not  yet  been  mined. 

CONTACT    DEPOSITS. 
OCCtniRENCE. 

The  term  ' '  contact  deposit  "is  here  restricted  to  mineral  veins  or  ore  masses  that  have  been 
formed  by  contact-metamorpliic  action  and  that  carry  the  minerals  characteristic  of  such  action. 
A  contact  deposit  must  therefore  lie  near  an  intrusive  rock,  though  not  necessarily  at  its  contact. 
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At  the  time  of  their  intrusion  the  igneous  rock  masses  or  dikes  forced  their  way  through 
the  sedimentary  rocks,  to  some  extent  folding  and  fracturing  them.  Wliile  they  were  cooUng 
both  the  intruded  and  intrusive  rocks  naturally  shi-unk  somewhat,  and  the  sluinkage  caused 
cracks  and  fissiires  to  form  near  the  contacts..  These  fissures  became  channels  for  mineral- 
bearing  solutions,  derived,  presumably,  from  great  depths,  where  the  temperature  was  high. 
On  ascending  along  the  contacts,  where  the  temperature  was  lower,  these  solutions  deposited 
their  mineral  content  and  to  some  extent  replaced  the  rocks  along  their  course.  The  contact 
deposits  therefore  lie  witliin  the  contact  zone,  between  the  intrusive  and  intruded  rocks,  and 
are  beUeved  to  have  been  derived  from  the  same  magma  that  formed  the  adjacent  igneous 
rocks.     Their  genesis,  however,  will  be  discussed  elsewhere  (p.  102). 

CHARACTER. 

The  minerals  commonly  associated  with  the  contact  deposits  are  chalcopyrite,  pyrrhotite, 
pyrite,  and  magnetite.  The  gangue  minerals  are  principally  garnet  and  pyroxene,  with  which 
are  associated  variable  quantities  of  epidote,  calcite,  quartz,  amplubole,  woUastonite,  and 
feldspar,  besides  several  rarer  minerals.  These  minerals  are  typical  of  contact-metamorpliic 
deposits.  Mineralogicalty,  these  ores  differ  from  the  ores  of  other  deposits,  especially  in  the 
contemporaneous  formation  of  metallic  oxides  and  sulpliides,  principally  of  iron,  in  association 
with  the  various  lime-silicate  minerals  named  above. 

The  ore  deposits  themselves  within  the  contact  zone  consist  of  irregular  masses  ranging 
in  diameter  from  a  few  feet  to  100  feet  or  more.  Few  of  them  have  well-defined  hmits,  most  of 
them  merging  gi-adually  into  barren  contact  rock.  At  a  few  places  the  ore-bearing  contact 
rock  is  surrounded  by  the  granitic  intrusives;  at  other  places  it  is  surrounded  by  sedimentary 
rocks,  no  surface  exposures  of  the  intrusive  rock  appearing  near  it.  Veins  of  contact  rock 
carrying  ore  also  cut  the  intrusive  as  well  as  the  intruded  rocks,  though  these  veins  are  of  little 
commercial  importance. 

The  copper  ore  is  entirely  chalcopyrite  and  occurs  in  small  masses  and  grains  scattered 
through  the  contact  rock,  and  also  in  the  masses  of  magnetite.  Only  the  parts  of  the  contact 
rock  or  magnetite  bodies  that  are  sufficiently  rich  in  copper  to  be  profitably  mined  are  regarded 
as  ore. 

EFFECT  OF  INCLOSING  ROCK  ON  ORE  FORMATION. 

The  size  of  the  contact  deposits  and  the  width  of  contact  rock  at  any  particular  place 
depend  to  some  extent  on  the  size  of  the  intrusive  mass  at  that  place.  The  largest  contact 
deposits  on  Kasaan  Peninsula  are  those  that  have  been  exploited  at  the  Mamie  and  Mount 
Andrew  mines,  which  are  near  the  large  intrusive  mass  that  constitutes  the  southeastern  half 
of  the  penmsula.  Smaller  deposits,  some  of  them,  however,  richer  in  copper,  lie  near  smaller 
intrusive  masses.  These  smaller  deposits  are  exploited  by  the  It  and  the  Rush  &  Brown 
mines.  Still  smaller  deposits  lie  near  dikes  of  syenite  porphyry  and  many  of  them  have  been 
prospected,  though  none  have  yet  afforded  ore  bodies  large  enough  to  be  mined  profitably. 

The  general  occurrence  of  the  contact  deposits  at  places  where  limestone  is  the  intruded 
rock  suggests  that  the  lime  carbonate  helped  to  effect  the  precipitation  or  development  of  the 
ores  at  such  points. 

DISSEMINATED    DEPOSITS. 

Irregular  disseminated  bodies  of  copper  ore  occur  in  an  intrusive  belt  of  gabbro  that  extends 
along  the  northeast  side  of  the  salt  chuck  at  the  head  of  Kasaan  Bay,  extending  northwest- 
ward and  averaging  about  a  mile  in  width.  Copper  ore  has  been  found  at  only  a  few  places  in 
this  intrusive  belt  and  has  been  mmed  only  at  the  Goodro  mine. 

Where  the  ore  deposits  occur  the  gabbro  is  partly  recrystallized  and  contains  large  crystals 
of  biotite  and  crystals  of  feldspar  having  a  poikihtic  mottling  due  to  partial  replacement  by 
biotite.  The  rock  also  contains  epidote  and  groups  of  large  crystals  of  orthoclase,  with  biotite 
and  epidote  and  some  garnet.  The  bornite  and  chalcopyrite  ores  occur  with  the  secondary 
minerals  last  named.     It  appears  that  these  ore  minerals  were  introduced  into  the  gabbro  by 
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the  same  mineralizing  agencies  that  caused  the  metasomatic  development  of  the  secondary- 
minerals.  These  agencies  may  have  been  directly  related  to  those  that  produced  the  contact 
deposits;  and  if  so,  these  deposits  are  only  a  phase  of  the  contact  deposits. 

SHEAR-ZONE    DEPOSITS. 

Ore  bodies  representing  shear-zone  deposits  occur  near  the  head  of  Karta  Bay,  at  the 
Eush  &  Brown  mine  and  at  the  Venus  prospect.  These  deposits  consist  of  lenticular  veins, 
from  a  few  inches  to  a  foot  or  more  wide,  of  massive  sulphide  minerals,  the  veins  being  dis- 
tributed along  shear  zones,  from  2  to  10  feet  wide,  in  the  graywacke  country  rock. 

The  deposits  contain  chalcopyrite,  pyrite,  and  some  sphalerite  in  a  gangue  of  much-altered 
graywacke  and  some  quartz  and  calcite. 

VEIN    DEPOSITS. 

Vein  deposits  that  occupy  fissures  in  limestone,  from  1  foot  to  5  feet  wide,  have  been  prospected 
on  Kasaan  ^Mountain.  They  contain  galena,  tetrahedrite,  some  sphalerite,  and  chalcopyrite, 
their  principal  valuable  metallic  content  being  lead  and  silver  and  some  gold.  The  gangue 
minerals  are  quartz,  calcite,  and  barite,  but  chiefly  quartz. 

Quartz  veins  carrying  pyrite  and  some  gold  and  chalcopyrite  have  been  prospected  on 
Grindall  Pt>int,  at  the  south  end  of  Kasaan  Peninsula.  The  veins  occur  in  the  granite  intrusives 
and  measure  6  feet  or  more  in  width.  These  deposits  have  been  exploited  by  prospect  shafts 
and  tunnels,  but  the  ore  is  of  low  grade  and  no  great  amount  of  it  has  been  found. 

PERSISTENCE    OF    ORE    BODIES. 

These  various  types  of  ore  bodies  show  different  degi-ees  of  persistence.  The  contact 
deposits  are  generally  small,  irregular  masses  and  are  no  more  persistent  in  depth  than  they  are 
laterally,  but  where  these  masses  have  been  found  in  a  wide  contact  zone  further  exploration 
will  probably  reveal  similar  ore  masses,  both  laterally  and  in  depth.  The  copper-iron  sulphide 
deposits  in  shear  zones  in  the  stratified  rocks  are  more  persistent  than  the  contact  ore  bodies 
and  probably  go  deeper.  The  vein  deposits  in  the  limestones  will  also  be  exten.sive  in  depth, 
but  will  vary  greatly  in  width,  in  places  narrowing  to  a  mere  seam.  To  judge  from  like  deposits 
elsewhere,  possibly  the  lead-silver  ores  will  be  replaced  by  copper  ores  in  depth. 

MINERALS    OF    THE    DEPOSITS. 

The  minerals  in  the  ore  deposits  on  Kasaan  Penmsula  are  very  similar  to  those  that  occur 
in  the  Copper  Mountain  region  ah-eady  described  (p.  47).  It  is  not  necessary  to  repeat  these 
descriptions  here,  but  a  Hst  of  the  minerals  found  in  the  different  types  of  ore  deposits  is  given 
below. 

Disseminated  deposits. 
Chalcopyrite. 
Bornite. 
Chalcocite. 
Pyrite. 

Native  copper. 
Epidote. 
Amphibole. 
Biotite. 
Calcite. 
Quartz. 

In  the  contact  deposits  on  Kasaan  Peninsula  the  amount  of  hornblende  and  feldspar  in  the 
contact  rock  is  greater  than  in  the  similar  deposits  on  Copper  Mountain,  for  the  graywacke, 
which  at  most  places  forms  the  hanging  wall  of  these  deposits,  has  entered  largely  into  their 
composition.  Tremolite  and  wollastonite  are  rare,  having  been  found  only  where  hmestone 
beds  occur  at  the  contacts.  No  zeohte  was  found.  A  few  specimens  of  ilvaite  with  calcite 
matrix  were  noted  in  the  contact  deposits.     (See  PI.  XIX.) 


Contact  deposits. 
Chalcopyrite.  Garnet. 


Pyrite. 

Epidote. 

Pyrrhotite. 

Hornblende. 

Magnetite. 

Diopside. 

Specularite. 

Scapolite. 

Ilvaite. 

Wollastonite. 

Molybdenite. 

Orthoclase. 

Azurite. 

Chlorite. 

Limonite. 

Quartz. 

Malachite. 

Calcite. 

She;ir-zone  deposits. 

Vein  deposits. 

Chalcopyrite. 

Galena. 

Pyrite. 

Tetrahedrite. 

Sphalerite. 

Chalcopyrite. 

Galena. 

Sphalerite. 

Quartz. 

Pyrite. 

Sericite. 

Quartz. 

Calcite. 

Calcite. 

Chlorite. 

Siderite. 

Amphibole. 

Barite. 

Chlorite. 
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Bornite  and  chalcocite,  which  occur  in  the  disseminated  deposits,  were  not  found  in  the 
Copper  Mountain  area.  The  mode  of  occurrence  of  the  minerals  in  the  vein  and  shear-zone 
deposits  is  similar  in  both  districts. 

MINING  ON  KASAAN  PENINSULA. 


Copper  was  first  discovered  on  Kasaan  Peninsula  by  the  Russians  about  1865.     Between 
1895  and  1900  most  of  the  mineral  locations  were  made  and  the  mine  developments  were  begun. 

Durmg  the  following  five  years 
there  were  more  extensive  de- 
velopments and  nine  plants 
were  installed,  aerial  tram- 
ways were  erected,  and  a 
smelting  plant  was  buUt  at 
Hadley.  Copper  was  fijst 
jiroduced  from  these  mines  in 
1905,  the  year  in  which  the 
Hadley  smelter  was  com- 
pleted. Copper  production 
continued,  gradually  increas- 
ing m  amount,  until  the  au- 
tumn of  1907,  when  most  of 
the  mines  ceased  operations. 
In  the  summer  of  1908 
tlie  Hadley  smelter  was  again 
in  use,  and  some  of  the  mines 
renewed  operations,  but  for  a 
short  period  only.  From  1909 
to  1913  the  smelter  was  idle, 
though  certain  of  the  mines 
continued  operations,  ship- 
ping the  ore  to  the  Tyee  and 
Tacoma  smelters. 

MINES    SOUTH    OF    HADLEY. 
GENERAL  FEATTIRES. 

Three  of  the  principal 
mines  on  Kasaan  Peninsula 
are  near  the  summit  of  the 
mountain  ridge  about  1  i  miles 
south  of  Hadley,  at  altitudes 
of  700  to  1,400  feet.  These 
are  the  Mamie,  Stevenstown, 
and  Mount  Andrew  mines, 
and  theii'  relative  positions 
and  the  sxtent  of  the  mining 
property  belonging  to  the 
companies  owning  them  in 
1908  are  indicated  on  the  sketch  map  forming  figure  7.  The  ore  bodies  are  included  in  the 
contact  rock  and  are  associated  with  large  masses  of  magnetite.  They  occur  along  a  mineral 
zone  between  the  diorite  intrusive  mass  and  a  narrow  belt  of  hmestone,  which  is  traceable  for 
about  2  miles  from  the  east  side  of  Mamie  Creek  westward  to  Kasaan  Bay.     This  zone  ranges 


Figure  7.— Map  showing  propertieso/  the  Bro-svn  Alaska  Co.,  Hadley  Consolidated  Copper  Co., 
and  Mount  .\ndrew  Mining  Co.  (1908). 
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in  width  from  100  to  300  feet,  though,  because  of  its  flat  clip  and  its  conformity  mth  the  con- 
tour of  the  mountain  slope,  it  appears  locally  to  be  much  wider.  The  ore  bodies  are  locally 
concentrations  of  chalcopjTite,  generally  in  masses  of  magnetite.  Though  the  ore  masses  dis- 
covered are  hmited  both  laterally  and  in  depth,  continued  exploration  has  generally  revealed 
new  ore  bodies  both  in  depth  and  laterally. 

The  ores  from  these  mines  are  of  low  grade,  the  copper  content  being  almost  entii-el}-  in 
the  form  of  chalcopyrite.  Besides  copper  they  contain  from  $1  to  $2  in  gold  per  ton."  In 
composition  they  average  about  15  to  20  per  cent  of  silica,  30  to  40  per  cent  of  iron,  4  to  6  per 
per  cent  of  sulphur,  and  10  to  15  per  cent  of  aluminum. 


UAHIE  MIITE. 


Situation  and  development. — The  Mamie  mine,  owneil  by  the  Brown  .-Uaska  Co.,  is  1^  miles 
south  of  Hadley,  at  an  elevation  of  700  feet,  in  the  central  part  of  Kasaan  Peniixsula.  (See 
PL  XX  and  fig.  7.)  The  mine  workings  are  comiected  with  the  smelter  at  Hadley  by  an  aerial 
tram  5,500  feet  in  length  and  vnih  the  beach  by  a  horse  tram  7,700  feet  in  length.  The  horse 
tram  is  used  for  traasporting  supplies.  Mine  developments  in  a  large  way  were  not  begun  until 
1904.  During  that  year  the  ore  bodies  were  explored  by  numerous  open  cuts,  tunnels,  and 
diamond-drill  holes.  In  the  following  year  mining  was  begun  from  the  open  pits  and  new 
ore  bodies  were  developed  by  tumiels  and  shafts.  At  the  close  of  1905  considerable  ore  was 
delivered  to  the  smelter,  and  throughout  1906  the  production  was  large.  In  1907  diamond- 
drill  investigations  were  advanced,  new  ore  bodies  were  located  at  greater  depth,  and  the  ore 


FiGXTRE  8. — Section  of  Hadley  smelter. 


production  continued  with  little  interruption  until  late  in  September.  In  October  all  oper- 
ations were  suspended.  The  total  developments  up  to  1908  consist  of  5,000  feet  of  tunneling, 
drifting,  and  crosscutting  and  about  the  same  amount  of  diamond-drill  prospecting.  The 
smelter  or  reduction  plant  at  Hadley  consists  of  a  blast  furnace  of  350  tons  daily  capacity,  a 
sampling  miU,  coal  and  coke  bins,  ore  bunkere  of  10,000  ton.s  capacity,  boiler  house,  engine 
house,  electric-light  plant,  and  other  conveniences.  The  ores  from  the  Mamie  and  Stevens- 
town  mines  first  go  thi-ough  the  samplere,  next  to  the  ore  bunkers  by  gravity,  and  thence  by 
gravity  to  the  furnace.  The  slag  from  the  furnace  is  granulated  and  carried  by  water  to  the 
beach.  A  cable  tramway  extends  from  the  wharf  to  bins  above  the  sampling  mill,  wliich  have 
been  built  to  receive  custom  ore.  The  plant  is  so  arranged  that  its  daily  capacit}'  may  be 
doubled  if  necessary.  Smelting  operations  began  December  5,  1905,  and  in  1906  the  furnace 
was  in  blast  about  20  davs  each  month.  In  September,  1907,  tliis  plant  was  closed.  (See  PL 
XXI,  5,  and  fig.  S.) 

Early  in  the  summer  of  1908  the  Mamie  and  Stevenstown  mines  were  consolidated  under 
one  management,  which  obtained  a  lease  of  the  smelter.  The  underground  workings  at  the 
Mamie  mine  were  pumped  out  and  repau-ed  and  mining  developments  were  begun.  The  smelter 
was  reconstructed  to  treat  a  larger  quantity  of  ore  and  was  put  into  operation  early  in  September. 
The  mines  and  smelter  were  operated  untd  the  fu-st  of  November,  the  smelter  treating  an  aver- 
age of  360  tons  daily.  The  lack  of  siliceous  ores,  however,  necessitated  the  suspension  of  opera- 
tions at  both  the  mine  and  smelter.  The  Mamie  miiae  and  Hadley  smelter  have  both  been 
itUe  since  1908  (1913). 


PLATE  XVIII. 

A.  Specimen  from  Rush  &  Brown  mine,  shelving  contact  of  diorite  with  graywacke  and  development  of  pegmatite 

along  contact. 

B.  Pegmatite  phase  of  diorite,  with  inclusions  of  schist;  peg,  pegmatite;  s,  schist. 

C.  Specimen  from  Mount  Andrew  mine,  showing  orthoclase  veinlet  cutting  altered  diorite  and  entering  contact  rock; 

con.  Contact;  e,  epidote;  c?,  altered  diorite;  9,  garnet;  o,  orthoclase  veinlet. 

D.  Feldspar  dike  with  epidote  cutting  contact  rock;  c,  calcite;  e,  epidote;  /,  feldspar;  g,  garnet;  h,  fibrous  hornblende. 
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PLATE  XIX. 

A.  Ore  from  Mount  Andrew  mine,  showing  association  of  magnetite,  pjTite,  and  chalcopyrite  in  contact  rock; 

ca,  calcite  amphibole  rock;  m  +  ch,  magnetite  and  chalcopyrite;  p,  pyrite. 

B.  Ore  from   It  mine,    showing    altered  diorite,  chalcopyrite,  and  pyrite  in  orthoclase  quartz    contact  rock'  d, 

diorite;  ch,  chalcopyrite;  p,  pyrite;  oq,  orthoclase  and  quartz. 

C.  Ilvaite  from  Mount  Andrew  mine. 

D.  Hornblende  with  chalcopyrite  ore  from  Stevenstown  mine. 

91 


92  COPPER   MOUNTAIN   AND   KASAAN   PENINSULA,   ALASKA. 

Ore  bodies. — -The  ore  bodies  at  the  Mamie  mine  are  contact  deposits  included  in  a  zone  400 
feet  -wide  lying  between  a  diorite  intrusive  mass  and  a  limestone.  Within  this  zone  the  masses 
of  valuable  copper  ore  are  limited  either  by  such  a  decrease  in  the  copper  content  of  the  inclosing 
rock  as  to  prohibit  profitable  extraction  or  by  fault  planes.  Garnet,  pyroxene,  epidote,  horn- 
blende, and  magnetite  compose  the  contact  rock.  Chalcopyrite  occui-s  in  small  quantities 
tliroughout  the  rock.  The  ore  bodies,  or  the  portions  of  the  cont^ict  rock  where  the  copper  is 
sufficiently  concentrated  to  make  ore,  are  irregular  masses  ranging  from  50  to  100  feet  in  length 
and  from  10  to  40  feet  in  width,  the  major  axis  striking  northward.  Nine  such  ore  masses  are 
exposed  in  the  mine  workings.  Some  of  them  are  included  entu'ely  in  masses  of  magnetite, 
thus  making  basic  ore;  others  occur  in  the  garnet-epidote  gangue  rock,  making  a  siliceous  ore. 
Veuilets  of  calcite  and  some  of  quartz  intersect  the  ore  masses,  intlicatmg  a  later  period  of 
mineral  deposition,  though  the  main  ore  bodies  are  believed  to  have  been  deposited  contempo- 
raneously with  the  inclosing  contact  rock.     (See  PI.  XVIII,  B  and  D.) 

STEVENSTOWN  MINE. 

Situation  aTuL  development. — The  Stevenstown  mine  (PI.  XXI,  C),  owned  by  the  HacUey 
Coasolidated  Copper  Co.,  is  just  above  and  southwest  of  the  Mamie  mine,  at  an  elevation  of 
1,000  feet.  (See  fig.  7.)  From  the  mine  a  surface  tram  700  feet  long  connects  with  the  aerial 
tram  at  the  Mamie  mine,  over  which  the  ore  is  transported  to  the  smelter  at  Hadley.  A  trail 
also  leads  from  the  mine  down  the  south  side  of  the  peninsula  to  Boggs  Landing,  on  Kasaan 
Bay,  a  distance  of  1  mile.  In  1908  the  mine  was  developed  by  thi-ee  "glory  holes"  or  open 
pits,  comiected  by  raises  with  a  550-foot  tumiel  that  penetrates  the  crest  of  the  mountain. 
Actual  mining  was  begun  in  June,  1905,  before  which  time  prospecting  had  been  carried  on, 
and  in  September,  1905,  ore  shipments  to  the  Hadley  smelter  began.  A  large  amount  of  ore 
was  produced  during  1906  and  imtil  the  first  of  July,  1907,  when  mining  was  suspended.  In 
1908  operations  were  renewed  and  additional  output  was  made  and  sent  to  the  smelter  at 
Hadley.     In  the  autumn  of  that  year,  however,  the  mine  was  closed. 

Ore  bodies. — The  ore  bodies  on  the  Stevenstown  property  correspond  both  mineralogicaUy 
and  genetically  witii  those  at  the  Mamie  mine.  They  occupy  a  relatively  flat  position  on  the 
crest  of  the  mountain  ridge  and  are  apparently  underlam  by  the  monzonite  intrusive  which 
forms  the  footwall  of  the  mineral  belt  and  which  is  exposed  throughout  the  tumiel  that  penetrates 
the  momitain  top.  The  hangmg  wall  as  well  as  a  large  portion  of  the  ore  bodies  on  this  property 
have  been  removed  by  erosion  and  the  contact  zone  is  only  20  to  40  feet  m  width  instead  of 
200  to  400  feet,  the  width  on  the  Mamie  property  just  below.  Strata  of  limestone  and  of 
greenstone  tuff  lie  northeast  of  the  ore  bodies  and  continue  westward  toward  the  Mount  Andrew 
mine,  foi-mmg  the  hanging  wall  of  the  mineral  zone. 

The  mine  workings  are  all  surface  pits  connected  by  raises  with  the  main  timnel  and  have 
developed  several  relatively  flat-lying  ore  masses.  These  masses  are  included  withm  an  area 
measuring  350  by  200  feet,  the  pits  being  20  to  40  feet  deep.  The  central  portion  of  this  area 
is  traversed  from  north  to  south  by  a  40-foot  felsite  dike,  which  is  of  later  intrusion  than  the 
syenite  and  crosscuts  the  ore  body.  Smaller  dikes  of  diabase  and  basalt,  1  foot  to  5  feet  in 
width,  crosscut  the  ore  bodies  and  country  rock  at  several  points  in  these  mine  workings. 

The  ore  is  chiefly  magnetite,  chalcopyrite,  and  pjTite  associated  with  hornblende  and 
calcite,  all  included  in  a  more  or  less  banded  garnet-epidote  gangue.     (See  PI.  XIX,  D.) 

Sm-face  oxidation  has  produced  considerable  limonite  and  some  malachite  and  azurite; 
small  particles  of  native  copper  also  occur  along  slipping  planes,  though  these  secondary  minerals 
are  relatively  unimportant. 

MOUNT  ANDREW  MINE. 

Sitxiation  and  development. — The  Mount  ^Vndrew  mine  workings  are  tliree-fourths  of  a  mile 
from  Mount  Andrew  landing,  on  the  southwest  side  of  Kasaan  Peninsida,  and  one-half  nide 
west  of  the  Stevenstown  mine,  at  an  elevation  of  1,400  feet.  A  cable  tramway  3,600  feet  long 
leads  from  the  mine  to  the  ore  bunkers  and  wharf  at  Mount  Andrew  landing. 
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This  mine  is  developed  (1908)  principally  by  a  tiuuael  620  feet  long,  which  undercuts 
the  ore  bodies  at  depths  of  60  to  100  feet  or  more.  From  this  tunnel  several  hundred  feet  of 
drifts  and  crosscuts  have  been  driven,  and  upraises  have  been  carried  through  the  ore  bodies  to 
the  surface.  The  ore  is  mmed  from  large  imdergroimd  slopes  and  from  suiface  pits  or  glory 
holes  and  is  delivered  through  chutes  at  tunnel  level  to  the  ore  bunkers  at  the  head  of  the 
aerial  tram  and  thence  carried  to  the  wharf,  where  it  is  loaded  for  shipment.  Developments 
in  a  large  way  were  not  begun  until  late  in  1905,  and  d^u•ing  1906  the  aerial  tram  was  erected, 
the  wharf  buQt,  the  compressor  plant  installed,  and  considerable  ore  developed.     The  fii'st  ore 
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Grayivacke,  largely  Limestone  Magnetite  an^ 

alteredtocontartrock;  chalcopynte  or 

rich  in  magnetite  bodies 

Figure  9. — Plan  and  section  of  workings  of  tlie  Mount  Andrew  mine  (190S) . 


IHkes  of  felsite 


Dikes  of  diabase 


This  illustration  is  diagmmmatis  and  generalized. 


shipmeiits  were  made  m.  October,  1906,  and  production  continued  until  October,   1907,  when 
operations  were  suspended. 

In  1908  the  mine  was  not  operated.  In  1909  operations  were  renewed  under  the  management 
of  the  proprietary  corporation,  the  Mount  Andrew  Iron  &  Copper  Co.,  and  from  March  until  late 
in  the  autumn  a  steady  output  was  maintained.  Dm-ing  the  winter  of  1909  developments 
were  continued  and  additional  ore  reserves  were  opened.  Shipments  began  again  early  in  the 
spring  of  1910  and  the  usiial  annual  production  was  recorded  for  that  year.  The  most  note- 
worth}'  development  work  undertaken  in  1910  was  that  on  the  new  1,600-foot  adit  tmmel,  which 


94  COPPEK   MOUNTAIN   AND   KASAAN   PENINSULA,   ALASKA. 

starts  at  the  old  camp  and  is  projected  to  undercut  the  ore  bodies  300  feet  below  the  present 
working  levels.  (See  fig.  9.)  In  1911  the  mine  continued  producing,  though  its  output  was 
somewhat  less  than  in  former  years. 

Ore  bodies. — The  ore  deposits  on  this  property  are  included  in  the  same  mineral  belt  as  those 
at  the  adjacent  Mamie  and  Stevenstown  mines,  with  which  they  are  m  every  way  comjmrable. 
Six  ore  bodies,  consisting  of  irregular  masses  of  magnetite-chalcopyrite  associated  with  the 
garnet-epidote  contact  rock,  have  been  developed  and  have  been  mined  to  a  considerable  extent. 
These  bodies  of  ore  are  10  to  50  feet  wide,  40  to  80  feet  long,  100  feet  or  more  m  depth,  and  have 
a  general  northerly  strike  and  pitch.  They  are  separated  by  barren  areas  of  contact  rock  and 
dikes  20  to  60  feet  wide  of  altered  syenite  porphyi-y.  (See  PI. XXII,  ^,  and  fig.  9.)  Theminework- 
ings  consist  essentially  of  surface  pits  which  are  imdercut  by  a  crosscut  tumiel  running  east  and 
west.  This  tunnel,  with  connecting  drifts  and  raises,  includes  2,200  feet  of  imdergromid  develop- 
ments. Numerous  gouge  seams  and  shckensides,  mdicatmg  faulting,  were  observed  in  the  mine 
workings,  and  some  of  the  ore  bodies  were  laterally  displaced  1  foot  to  6  feet.  Dikes  of  diabase 
and  felsite,  from  2  to  12  feet  wide,  crosscut  the  ore  bodies  and  country  rock  in  various  directions 
and  were  evidently  intruded  after  the  ore  deposits  had  been  formed.  (See  Pis.  XVIII,  C,  and 
XIX,  A  and  C.) 

At  other  points  on  Mount  Andrew  large  masses  of  the  magnetite  carrying  an  amount  of 
copper  insufficient  to  make  a  copper  ore  have  been  formed.  These  deposits,  though  not  valua- 
ble for  their  content  of  copper  alone,  may  sometime  be  a  source  of  iron. 

MINES    AND    PROSPECTS    NEAR    KASAAN    BAY. 
TYPES  OF  DEPOSITS 

Along  the  northeast  shore  of  Kasaau  Bay  there  are  a  number  of  copper  prospects  and  one 
producing  mine.  Two  types  of  contact  deposits  were  recognized.  One  type,  at  the  contacts 
of  diorite  masses,  is  represented  by  the  It  mine  and  the  Alarm,  Haida,  and  Copper  Center 
prospects;  the  other  type  occurs  at  the  contacts  of  dikes  of  syenite  porphjTy  and  diorite,  and 
is  represented  by  the  Uncle  Sam,  Ouray,  and  Copper  Queen  prospects.  The  deposits  of  the  first 
ty|De  are  concentrations  of  chalcopyrite  ore  in  the  contact  rock  between  the  diorite  and  either 
the  limestone  or  the  graywacke.  The  bodies  of  minable  ore  are  from  a  few  feet  to  25  feet  or 
more  in  thickness  and  are  generally  more  sihceous  and  richer  in  copper  than  those  at  the  Mamie 
and  Mount  Andrew  mines.  The  ore  bodies  along  the  syenite  i)orphyi-y  dikes  contain  rich  ore 
here  and  there,  but  have  added  little  to  the  copper  production  of  the  peninsula. 


Situation  and  development. — The  It  Mining  Co.  was  organized  early  in  1908  and  acquired 
what  were  formerly  known  as  the  Taylor  prospect  and  the  Eagle's  Nest  group.  These  pros- 
pects are  4  miles  northwest  of  Kasaan,  4,000  feet  from  the  shore  line,  at  an  elevation  of  400 
feet.  They  were  developed  to  some  extent  in  1907  by  the  Sea  Island  Copper  Mining  Co.,  but 
reverted  to  the  original  owners,  who  sold  them  to  the  It  Muiiug  Co.  Development  work  was 
begun  by  this  company  in  May,  1908,  and  by  the  end  of  September  a  surface  tramway  1  mile 
long  aPid  a  wharf  were  completed,  and  in  October  of  that  year  ore  sliipments  were  begun.  In 
1909  the  mine  was  a  steady  producer  and  development  work  was  advanced.  A  compressor 
plant  was  established  near  the  wharf  and  a  hoisting  engine  was  installed  at  the  mine.  From 
the  short  adit  level  a  shaft  50  feet  deep  was  sunk  and  about  250  feet  of  development  was  done 
at  this  new  level.  In  1910  two  other  levels  at  depths  of  100  and  150  feet  were  driven,  and  the 
ore  production  was  maintained  as  in  former  years.  Some  prospecting  was  done  by  diamond 
di-illing.  In  1911  a  1,400-foot  tunnel  was  begun,  which  is  projected  to  undercut  the  ore  depos- 
its at  a  depth  of  500  feet. 

The  ore  from  this  mine  is  siliceous  and  contains  Httle  or  no  magnetite.  The  ganguo  is 
sorted  by  hand,  the  product  being  thus  made  richer  before  shipment.     (See  PI.  XIX,  B.) 
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Ore  bodies. — The  ore  bodies  are  contact  deposits  wliich  li(>  on  botti  sides  of  a  diorite  intrusive 
mass.  (See  PI.  XIX.)  The  contact  zone  here  is  widest  on  the  northeast  side  of  the  diorite, 
where  the  principal  ore  bodies  tire  found,  though  developments  on  the  southwest  side  have  also 
revealed  small  masses  of  ore.  The  intruded  rocks  are  limestone  and  graywacke  and  have  been 
much  altered  by  infiltration  of  minerals  from  the  contact  zone. 

The  minable  ore  bodies  consist  of  chalcopyrite,  pyrite  (often  in  large  octahedral  crystals), 
garnet,  epidote,  and  some  hematite.  They  are  from  a  few  feet  to  many  feet  in  dimensions. 
Several  such  bodies  have  been  found  and  mined  and  exploration,  both  in  depth  as  well  as  later- 
ally, continues  to  expose  masses  of  ore. 

UNCLE  SAM  MINE. 

Situation  and  dei^elopment. — The  Uncle  Sam  mine,  originally  called  the  White  Eagle  group, 
lies  3  miles  northwest  of  Mount  Andrew  landing  and  one-half  mile  from  Kasaan,  on  the  south 
slope  of  Kasaan  Peninsula.  (Sec  fig.  10,  p.  96.)  The  mine  workings  are  430  to  550  feet  in  elevation 
and  less  than  half  a  mile  from  the  beach.  Mining  operations  liave  been  advanced  on  this 
property  at  intervals  since  its  discovery  in  1S99,  and  in  1901  an  aerial  tram,  ore  bunkers,  and 
a  wharf  were  built.  Early  in  1906  a  shipment  of  ore  was  made,  but  no  further  work  was  done 
until  ilarch,  1907.  At  that  time  operations  were  renewed,  continuing  until  July,  when  another 
ore  sliipment  was  made.  The  mine  is  developed  (1908)  by  a  tunnel  and  drifts,  amounting  to  about 
800  feet  in  length,  and  by  open  pits  exposing  the  ore  body  on  the  surface  above  the  tunnel. 
From  this  working  tunnel  a  surface  tram  1,150  feet  long  conveys  the  ore  to  the  wharf.  This 
mine  has  now  (1912)  been  closed  since  the  autumn  of  1907. 

Ore  hody. — The  ore  body  exposed  in  the  tumiel  is  an  irregular  lens  of  chalcopyrite-pyrite 
ore  6  to  8  feet  in  wadth,  striking  north  and  pitching  about  45°  N.  It  is  cut  off  to  the  north 
by  an  east-west  fault  dipping  80°  N.,  which  shows  but  a  small  amount  of  gouge.  At  the  open 
cut  above  the  tunnel  similar  masses  of  ore  are  exposed,  but  no  large  ore  bodies  have  been  dis- 
covered. Garnet,  epidote,  magnetite,  and  calcite  occur  as  gangue  minerals  and  in  many  places 
form  small  geodes.  The  chalcopyi'ite  ore  contained  in  this  gangue  rock  is  irregularly  distributed 
in  small  masses  and  not  along  well-defined  lines.  The  country  rock  is  made  up  of  strata  of 
chloritized  and  epidotized  greenstone  tuff,  which  are  underlain  by  the  intrusive  syenite  and 
are  cut  cross  by  small  dikes  of  diabase  of  later  origin  than  the  ore  bodies. 

COPPER  QUEEN  GROUP. 

The  Copper  Queen  group  of  claims,  which  represents  the  firet  copper  locations  on  Prince 
of  Wales  Island,  lies  about  one-half  mile  southeast  of  Kasaan.  In  1898  these  claims  were  sold 
to  the  Kasaan  Bay  Mining  Co.,  which  made  additional  locations.  Small  operations  were  in 
progress  from  1899  until  1902,  and  500  feet  of  tumieling  was  done,  besides  surface  excavations. 
Since  1903  the  property  has  been  idle. 

The  principal  ore  deposit  is  exposed  along  the  side  of  a  gulch  at  a  point  300  feet  in  eleva- 
tion. It  consists  of  an  irregular  mass  of  chalcopyiite  ore  accompanied  by  pyrite  and  magnetite 
in  a  garnei^epidote  gangue,  at  the  contact  of  an  altered  intrusive  syenite  with  the  greenstone 
tuff.  Below  these  exposures  a  crosscut  tunnel  400  feet  in  length  has  been  driven  in  the  altered 
syenite,  but  has  failed  to  reveal  any  ore. 

Other  mineral  exposures  occur  on  these  claims  at  points  close  to  tidewater  and  have  been 
prospected  by  shafts  and  open  cuts,  but  so  far  no  important  deposits  have  been  discovered. 
Practically  no  work  has  been  done  on  this  property  for  several  years  (1912). 

POOR  MAN'S  GROUP. 

The  Poor  Man's  group  of  two  claims  is  2  miles  northwest  of  Kasaan.  In  1908  the  mine  work- 
ings were  connected  with  deep  water  by  a  surface  tramway  and  wharf  having  a  total  length  of 
about  2,000  feet.  The  principal  developments  are  at  the  head  of  the  tramway  and  consist  of  a 
timnel,  driven  90  feet  in  a  southwesterly  direction,  which  crosscuts  a  40-foot  body  of  magnetite 
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ore  and  30  feet  of  garnet-epidote  contact  rock,  and  at  its  face  enters  a  wide  dike  of  red  syenite 
for  20  feet.     At  a  point  80  feet  from  the  mouth  of  the  tunnel  is  a  vertical  shaft  extending  30 
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Clastic  rocks  Limestone  Syenite  porphyiy  Mineralization  Diabase  dikes 

Figure  10.— Plan  of  workings  of  the  Uncle  Sam  mine  (190S). 

feet  to  the  surface  and  60  feet  in  depth.     This  body  of  magnetite  is  exposed  on  the  surface 
above  the  tunnel,  and  similar  masses  have  been  prospected  by  short  tumiels  and  cuts  and 
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shafts  at  points  along  the  tramway  and  on  adjoining  proportips.  Associated  wnth  the  mag- 
netite are  large  amounts  of  calcite  and  hornblende  and  some  pyrite,  chalcopyrite,  garnet,  and 
epidote.  Although  the  magnetite  deposit  itself  is  extensive,  the  chalcopyrite  ore  occurs  only 
in  isolated  pockets  or  narrow  veinlets  and  is  not  disseminated  throughout  the  magnetite  in 
sufficient  amounts  to  make  a  copper  ore  of  the  entire  body.  It  is  noteworthy,  however,  that 
these  ore  bodies  may  be  of  value  for  their  iron  content.  Minor  displacements,  due  to  faulting 
on  slipping  planes,  and  dikes  of  diabase  and  felsite  crosscutting  the  deposits  were  noted. 

BROWN  &   METZDORF  PROSPECT. 

The  Brown  &  Metzdorf  prospect  is  one-half  mile  from  Kasaan  Bay,  at  an  elevation  of  310 
feet.  The  ore  body  is  a  mineralized  mass  of  garnet  rock  carrying  chalcopyiite  and  pyrite. 
It  is  exposed  for  a  width  of  10  feet,  showing  a  banded  structure,  and  evidently  replaced  the 
bedded  quartzite  and  greenstone  tuff  country  rock.  A  wide  belt  of  limestone  is  exposed  in 
bluffs  along  the  trail  just  below  this  prospect. 

PEACOCK  AND  TACOMA  CLAIMS. 

The  Peacock  and  Tacoma  claims  are  about  3  miles  southeast  of  Kasaan.  The  Tacoma  claim 
extends  to  the  beach,  where  open  cuts  have  been  made  on  ore  exposures  that  are  covered  at 
hio-h  tide.  The  ore  is  confined  to  a  garne1>epidote  rock  and  occure  in  irregular  patches  or 
finely  disseminated  particles.  In  the  cuts  on  the  beach  a  small  amount  of  ore  is  exposed,  and 
above  it,  at  an  elevation  of  50  feet,  a  tunnel  60  feet  long  (1908)  enters  the  hill  in  a  northeast 
direction.  This  tuimel  crosscuts  a  wide  belt  of  garnet-  pidote  rock  containing  some  chalco- 
pyrite. Other  open  cuts  expose  small  amounts  of  ore  at  several  places,  but  no  large  ore 
masses  have  been  developed. 

The  Peacock  claims  adjoin  the  Tacoma  claim  on  the  north  and  extend  to  the  center  of 
the  peninsula.  At  600  feet  from  the  beach  and  120  feet  above  tide  a  tumiel  45  feet  long  exposes 
a  belt  of  garnel^epidote  contact  rock  containing  magnetite  and  a  small  amount  of  chalcopyrite. 
StiU  higher,  at  325  feet,  a  second  tunnel  30  feet  long,  following  the  contact  of  a  diabase  dike, 
exposes  a  smilar  mineral-bearing  rock.  Here  also  dikes  of  felsite  and  basalt  occur,  and  slip- 
ping planes  displace  the  mineral  body  in  various  directions.  The  amount  of  development  on 
these  properties  has  not  been  sufficient  to  disclose  ore  bodies  large  enough  to  justify  mining, 
but  systematic  prospecting  may  open  up  deposits  of  value. 

HOLE  IN  THE  WALL  PROSPECTS. 

The  small  cove  known  as  Hole  in  the  Wall  lies  on  the  north  side  of  the  harbor  at  Hadley, 
and  along  its  shores  and  west  of  it  a  number  of  claims  have  been  located,  among  them  (rn 
1908)  the  Plumley  group  and  the  Eureka,  Sunrise,  Pemisylvania,  Venus,  and  Pelaska  claims. 
On  the  Hihna  claim  of  the  Plumley  group,  at  a  point  one-half  mile  northwest  of  the  head  of  the 
cove  and  310  feet  in  elevation,  a  tunnel  25  feet  in  length  has  been  driven  along  the  contact  of 
an  altered  hmestone  belt  with  a  dioritic  bathohth,  in  which  small  masses  of  chalcopyrite  are 
exposed  in  a  garnet-epidote-calcite  contact  rock.  On  the  Eureka  claim,  at  tidewater,  similar 
contact  deposits  are  being  developed  and  are  reported  to  be  of  considerable  extent.  The  Sun- 
rise claims,  three  in  aU,  are  west  of  the  Hole  in  the  Wall,  and  on  these  claims  at  points  along 
a  gulch  small  ore  masses  replace  Hmestone  beds  at  or  near  their  contact  with  granodiorite. 
At  an  elevation  of  1,050  feet  this  contact  aureole  is  25  feet  wide  and  contains  considerable 
magnetite  and  chalcopyrite  ore,  which  shows  much  surface  alteration.  On  the  south  slope  of 
the  hill,  at  an  elevation  of  950  feet,  is  an  open  cut  exposing  a  highly  crystaUine  marble,  sHghtly 
banded,  striking  N.  65°  E.  and  dipping  60°  NW.  This  marble  overhes  the  contact  rock,  which 
carries  small  amounts  of  the  copper  ore.  On  the  Pennsylvania  claims,  southeast  of  the  Sunrise 
claims,  an  open  cut  following  a  felsite  dike  at  an  elevation  of  S50  feet  exposes  a  small  vein  2  to 
3  feet  wide  consisting  of  pyrite  with  small  amounts  of  chalcopyrite.  The  prospects  on  the 
"Venus  claims  show  contact  deposits  similar  to  those  exposed  on  the  Sunrise  claims  to  the  north 
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and  are  apparently  along  the  same  intrusive  contact.  The  Pelaska  claim,  extending  from  the 
head  of  the  cove  westward,  has  been  developed  by  a  tunnel  over  100  feet  ni  length  following  a 
belt  of  altered  limestone  intruded  by  a  diabase  dike,  along  which  occurs  garnet-epidote  contact 
rock  carrying  some  chalcopyrite.  This  deposit  is  interesting  geologically,  but  the  amount  of 
ore  exposed  is  small. 

MINES    AND    PROSPECTS    AT    THE    HEAD    OF    1C\SAAN    BAT. 
LOCATION. 

The  head  of  Kasaan  Bay  uicludes  the  entu-e  northwest  extension  of  Kasaan  Bay.  It  is  a 
relatively  shallow  embayment  3  miles  m  width,  including  a  number  of  low  wooded  islands  and 
shoals,  and  affording  several  good  anchorages.  The  adjacent  land  area  is  low  and  is  occupied 
by  a  "salt  chuck"  2  mdes  m  length  and  by  three  small  lakes.  To  the  southwest  is  a  momitam 
range  including  Granite  Momitaui  and  other  roimded  summits  less  than  4,000  feet  in  elevation, 
and  to  the  northeast  is  a  low  ridge  of  hdls  formmg  the  divide  between  Kasaan  and  Thorne  bays. 
The  principal  mines  in  the  immediate  vicinity  are  the  Rush  &  Brown  mine  and  the  Venus  group 
to  the  northwest  and  the  Goodro  claims  to  the  northeast.  In  1901,  when  A.  H.  Brooks  visited 
this  section,  none  of  these  properties  had  been  located,  and  not  imtil  1904  were  the  copper- 
bearing  ore  bodies  discovered. 

The  area  is  occupied  principally  by  stratified  rocks  ranging  from  a  fine  tuff  to  a  coarse 
conglomerate,  and  m  places  showing  a  development  of  large  hornblende  crystals.  These  bedded 
rocks  are  invaded  by  granodiorite  masses,  and  dike  rocks  of  various  composition  intrude  both 
the  granodiorite  and  the  bedded  rocks.  The  copper  ore  occurs  (1)  at  the  contacts  of  the 
granodiorite  with  greenstone  tuff,  conglomerate,  and  limestone,  as  at  the  Rush  &  Brown  mine; 
(2)  along  shear  zones  in  the  greenstone  tuffs  and  conglomerates,  as  at  the  Venus  group  and 
Rush  &  Brown  mine;  and  (3)  in  small  masses  and  disseminated  particles  scattered  irregularly 
through  an  altered  basic  diorite,  as  at  the  Goodro  claims. 

RUSH  &  BROWN  MINE. 

Situation  and  development. — The  Rush  &  Browm  property  includes  (1908)  eight  clauns  extend- 
ing from  the  "salt  chuck"  northwestward,  the  principal  mine  workings  being  located  on 
the  Iron  Cliff  claim,  at  an  elevation  of  300  feet,  about  2  miles  from  the  wharf  at  the  head  of  the 
bay.  (See  fig.  11.)  In  1904  this  property  was  prospected  by  long  trenches  and  open  cuts,  and 
a  shaft  25  feet  deep  was  sunk  on  the  ore  body.  In  1905  it  was  leased  by  the  Alaska  Copper  Co. 
and  a  new  shaft  was  started  120  feet  south  of  the  old  shaft  and  sunk  to  a  depth  of  84  feet. 
From  the  bottom  of  this  shaft  the  principal  ore  body,  the  magnetite  deposit,  was  developed 
by  drifts  and  crosscuts  and  a  drift  was  extended  to  a  second  ore  body,  the  sulphide  deposit, 
160  feet  farther  noi-theast.  In  1907  the  shaft  was  sunk  an  additional  93  feet  and  another 
level  was  started.  The  ore  from  the  mines  is  transported  by  a  gravity  tram  to  ore  bunkers 
one-fourth  mile  below  the  mme  and  thence  by  a  radroad  2f  mUes  long  to  the  wharf  at  the 
head  of  the  bay,  where  ore  bimkers  of  2,000  tons  capacity  have  been  budt.  During  1906  ore 
was  shipped  to  the  smelter  at  Coppermount,  and  in  1907  shipments  were  made  to  the  Tyee 
smelter  at  Ijadysmith,  British  Columbia.  The  mine  was  practically  idle  during  1909-10.  In 
1911  work  was  again  renewed  and  since  then  shipments  of  ore  have  been  continued. 

Ore  bodies. — In  1908  two  ore  bodies  had  been  developed  at  the  Rush  &  Brown  mine.  One 
is  a  contact-metamorphic  deposit  consisting  of  a  copper-bearing  magnetite  body,  developed  to 
a  length  of  1 00  feet  and  a  width  of  30  feet,  in  the  contact-rock  gangue  lying  between  diorite 
and  an  altered  graywacke,  the  line  of  contact  striking  nearly  east  and  west.  The  other  deposit, 
160  feet  to  the  north,  occupies  a  shear  zone  in  the  greenstone  tuff  and  conglomerate  beds  and 
is  a  sulphide  body  composed  of  chalcopyrite  and  pyrite  in  a  gangue  of  altered  graywacke  and 
quartz  and  calcite.  It  is  developed  to  a  wadth  of  4  to  14  feet  and  in  1908  had  been  followed 
for  a  length  of  85  feet.  The  mine  management  in  1913  reported  that  the  sulphide  ore  body 
on  the  second  level  was  cut  off  by  a  fault  but  was  picked  up  again  and  explored  for  a  distance 
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.4.     PORPHYRY     DIKE    CUTTING    ORE    BODY    NO.    4,     MOUNT 
ANDREW     MINE. 


B.    ENTRANCE     TO     SLOPE    AND     SURFACE     CAPPING     OF     ORE    BODY     AT     RUSH    & 

BROWN     MINE. 

Photograph  taken  in  1908. 
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of  170  feet  beyond  the  fault.  The  strike  of  this  sulphide  deposit  is  northeastward  and  its  dip 
is  60°  SE.,  toward  the  hirger  deposit.  Further  exploration  will  doubtless  disclose  other  ore 
bodies  of  the  same  types.     (See  Pis.  XVIII,  A,  and  XXII,  B.) 

GOODRO  UINE. 

The  Goodro  mine,  also  known  as  the  Joker  group,  is  half  a  mile  from  the  head  of  the  salt 
chuck  entering  Karta  Bay.  The  surrounding  area  is  relatively  low,  the  claim  being  located 
on  a  knoll  about  400  feet  in  elevation.  The  copper  deposit  at  this  mine  consists  of  dissemi- 
nated sulphide  ores  m  a  gabbro  intrusive  belt,  which  is  sho\\ai  on  the  geologic  map  (PL  X\'). 
At  the  time  of  the  ^Titer's  visit 
this  deposit  had  been  developed 
by  surface  pits,  an  open  cut  70 
feet  long,  and  a  turmel  125  feet 
long,  which  crosscuts  the  de- 
posit 90  feet  below  the  surface 
and  90  feet  from  its  mouth.  In 
1909  a  wharf,  ore  bins,  and  .3,8.50 
feet  of  tram  (in  part  gravity  and 
in  part  horse  tram)  were  con- 
structed, and  the  shipment  of 
ore  was  begun.  The  ore  was 
lightered  out  of  the  salt  chuck  on 
barges  at  high  tide  and  loaded 
on  vessels  h'ing  at  the  head  of 
Kasaan  Bay.  In  1910,  after 
the  winter  shutdown,  operations 
were  again  resumed.  A  winze 
1 00  feet  deep  was  smik  from  the 
main  tunnel  level,  and  from  its 
bottom  ch-ifts  were  extended  to 
the  east  and  west  150  feet  in 
length.  The  winze  is  said  to 
have  been  sunk  in  ore  for  45  feet. 
At  the  lowest  level  14  feet  of 
ore,  consisting  of  disseminated 
chalcopyrite  and  bornite  in  the 
gabbro,  is  said  to  have  been 
crosscut.  In  1911  only  assess- 
ment work  is  reported  to  have 
been  done  on  this  property. 

The  ore  deposit  at  this 
mine  is  of  special  interest  be- 
cause bornite  is  the  dominant 
metalliferous  mineral,  and  it  is 
the  only  locality  in  southeastern 
Alaska  where  bornite  has  been 
found  in  quantity.  The  ore  occurs  in  small  masses  and  disseminated  particles  associated  with 
epidote,  feldspar,  and  biotite,  minerals  that  largely  replace  the  inclosing  gabbro.  Native  copper, 
chalcocite,  chalcopyrite,  and  small  amounts  of  gold  are  also  associated  with  the  bornite.  The 
mineralization  of  the  gabbro  with  bornite  is  exposed  across  a  width  of  60  feet  and  for  a  length 
of  100  feet  or  more.  Other  smaller  deposits  of  bornite  in  the  gabbro  were  noted  on  adj^tcent 
properties. 


Greenstone  tuff 
and  conglomerata 


Figure  II.— Plan  and  section  of  the  Rush  &  Brown  mine  (190S). 
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MAMMOTH  GROUP. 

The  Mammoth  group,  including-  the  Ilaida  mine,  lies  on  the  east  side  of  Kasaan  Bay, 
about  6  miles  from  Kasaan  and  one-third  of  a  mile  from  tidewater  on  the  top  of  a  low  hill 
500  feet  in  elevation.  The  property  was  largely  developed  in  1904-5  by  the  original  owners, 
and  in  June,  1906,  was  sold  to  the  Haida  Copper  Co.,  which  began  active  developments  and 
made  plans  for  erecting  a  gravity  tram  2,000  feet  in  length,  extending  to  the  beach,  and  a  wharf 
and  ore  bunkers.  In  April,  1907,  these  improvements  were  completed  and  the  company  made 
shipments  of.  ore  to  the  Hadley  smelter.  Early  in  the  summer,  however,  operations  were 
suspended,  and  the  mine  has  since  been  idle.  The  mine  is  developed  by  a  tunnel  120  feet  in 
length,  connecting  with  a  shaft  35  feet  deep,  which  in  turn  connects  with  a  surface  pit  on  the 
ore  body.  In  1908  exploratory  drifts  had  been  extended  from  the  tunnel,  and  prospect  pits  and 
short  timnels  have  been  driven  at  other  points  on  the  property.  Little  work  lias  been  done 
at  this  prospect  in  recent  years. 

The  ore  body  is  an  irregular  magnetite  mass  carrpng  chalcop5a'ite  in  a  gangue  of  garnet 
and  epidote.  The  country  rock  in  the  immediate  vicinity  is  made  up  of  gi-eenstone  tuff  and 
conglomerates,  though  just  below  the  mine  workings  a  belt  of  intrusive  diorite  is  exposed 
which  forms  the  western  half  of  the  ridge  and  probably  underlies  the  ore  body.  The  deposit 
is  developed  by  an  open  pit  over  an  area  about  50  feet  in  diameter.  This  is  undercut  by  a 
tunnel  at  a  depth  of  30  feet,  and  though  the  magnetite  is  exposed  at  this  depth,  chalcopyrite 
is  not  so  abundant.  To  the  northeast  the  ore  body  is  limited  by  a  fault  plane  striking  nearly 
east  and  west  and  dipping  75°  S.  Other  slipping  planes  striking  at  different  angles  were  noted 
in  the  ore  body  and  inclosing  rock. 

COPPER  CENTER  PROSPECT. 

Tlie  Copper  Center  group  of  claims  lies  1  mile  north  of  the  Mammoth  group  at  an  elevation 
of  400  feet.  It  was  located  in  April,  1907,  and  in  July  was  bonded  to  mining  men  who  under- 
took its  development.  In  1908  several  shafts  from  1 0  to  30  feet  deep  had  been  sunk  within  an  area 
300  by  120  feet.  In  all  these  shafts  and  surface  cuts  magnetite  and  chalcopyrite  ore  associated 
with  garnet-epidote  and  hornblende  gangue  is  exposed.  The  deposit  is  apparently  flat  lying, 
though  the  amount  of  work  done  is  hardly  sufficient  to  prove  that  it  does  not  continue  in  depth. 
It  is  also  probable  that  further  investigations  at  a  greater  depth  will  reveal  deposits  at  other 
pomts  on  the  property.  The  country  rock  is  largely  conglomerate  and  greenstone  tuff,  under- 
lain by  granodiorite,  which  is  exposed  down  th'e  hillside  to  the  southwest.  The  area  is  densely 
covered  by  undergi'owth,  which  renders  prospecting  difficult.  The  dip  needle  has  been  suc- 
cessfully used  withui  this  area,  and  the  deposit  just  described  was  located  by  it. 

CHARLES  PROSPECT. 

Tlie  Charles  property  is  about  1  mile  southeast  of  the  Mammoth  group  and  5,000  feet 
from  tidewater,  at  an  elevation  of  380  feet.  It  was  located  in  May,  1907,  and  only  a  small 
amount  of  work  has  been  done  on  it.  The  mineral  body  exposed  in  a  cut  20  feet  long  and 
10  feet  deep  consists  of  chalcopyrite  masses  associated  with  some  magnetite  in  a  garnet  gangue 
which  replaces  the  greenstone  tuff  country  rock.  Diorite  occupies  the  hill  just  west  of  this 
prospect,  but  was  not  exposed  near  the  mineral  body.  Dikes  of  diabase  crosscut  the  ore  bod)'^ 
and  are  evidently  of  later  origin.  Besides  the  copper,  the  ore  is  said  to  carry  high  values  in 
both  gold  and  silver. 

VENTJS  GROUP. 

The  Venus  group  of  claims  is  on  Iron  Creek  1|  miles  from  the  head  of  K^aan  Bay  and 
about  1  mile  south  of  the  Rush  &  Brown  mine.  This  property  was  located  in  1904  and  a 
magnetic  survey  made.  Within  the  area  of  maximum  attraction  a  pit  was  sunk  and  a  trench 
50  feet  in  length  was  made  through  the  overlying  debris,  exposing  the  magnetic  deposit. 
Below  these  surface  excavations,  which  are  at  an  elevation  of  250  feet,  a  tunnel  75  feet  in 
length  has  been  driven  which  crosscuts  50  feet  of  debris  and  25  feet  of  country  rock,  and  at  its 
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face  exposes  ore.  The  country  rock  is  an  indurated  greenstone  tuff  with  interstratified  quartzite 
beds,  the  ore  occupying  a  shear  zone.  Associated  with  the  ore  are  considerable  sphalerite  and 
pyrrhotite,  with  quartz  and  calcite  as  gangue  minerals. 

PROSPECTS  ON  TOLSTOI  BAY. 
CHARACTER  OF  THE  ROCKS. 

On  the  north  coast  of  Kasaan  Peninsula,  adjacent  to  Tolstoi  Bay,  which  affords  good 
anchorage,  much  prospectmg  has  been  done  and  numerous  locations  have  been  made,  but 
none  of  the  properties  have  been  developed  beyond  the  prospect  stage.  The  small  prom- 
ontory here  is  composed  largely  of  the  diorito  intrusive  masses,  wliich  are  exposed  at  Tolstoi 
Point  and  along  the  eastern  slope  of  Tolstoi  Mountain.  On  the  western  .slope  and  along  the  east 
shore  of  Tolstoi  Bay  greenstone  tuff,  sandstone,  and  conglomerate  and  a  few  strata  of  limestone 
are  exposed.  Both  the  bedded  and  the  intrusive  rock  masses  are  crosscut  by  dikes  of  porphyry 
and  diabase.  The  ore  bodies  are  contact^metamorphic  deposits  similar  to  those  at  the  mines 
in  the  southern  part  of  the  peninsula.  They  are  lenticular  masses  of  magnetite  carrying  chal- 
copyrite  and  associated  with  garnet,  epidote,  calcite,  and  quartz,  inclosed  in  the  bedded  rocks 
near  the  intrusive  granodiorite  contact. 

IRON  CAP  GROrP. 

The  Iron  Cap  property,  also  known  as  the  Mahoney  group,  consists  of  two  claims  on  the 
northwest  slope  of  Tolstoi  Mountain  at  an  altitude  of  1,000  feet,  reached  by  a  trail  IJ  miles 
long  starting  from  a  cove  2  miles  southwest  of  Tolstoi  Point.  In  1901  the  property  was  pros- 
pected to  a  considerable  extent  by  open  cuts  along  a  gulch  and  by  several  hundred  feet  of 
diamond-drill  holes,  but  since  that  time  it  has  been  idle.  The  country  rock  consists  principally 
of  greenstone  tuff  and  a  fine  conglomerate  intruded  by  syenitic  dikes  of  considerable  width, 
which  are  apparently  related  to  the  ore  deposits.  Three  ore  bodies  have  thus  far  been  located, 
the  largest  20  feet  wide  and  traceable  for  50  feet,  the  major  axis  striking  N.  45°  W.  A  second 
ore  body,  separated  from  the  first  by  a  30-foot  dike  of  altered  syenite,  is  12  feet  wide  and  is 
limited  on  the  footwaU  side  (to  the  southwest)  by  a  fault  plane  showing  a  considerable  seam 
of  gouge;  toward  the  hanging  wall  it  grades  into  a  garnet-epidote  contact  rock.  The  third 
ore  body,  which  lies  just  above  the  other  two  at  an  elevation  of  1,080  feet,  appears  to  be  a 
flat^lying  magnetite  deposit  only  a  few  feet  thick. 

WALLACE  GROTJP. 

The  Wallace  group  includes  four  claims  on  the  southeast  slope  of  Tolstoi  Mountain  at 
elevations  between  800  and  1,600  feet.  At  several  places  on  this  property  small  scattered 
masses  of  copper  ore  are  exposeil,  but  at  no  place  have  the  explorations  been  sufficient  to  deter- 
mine the  extent  of  these  deposits.  The  uppermost  ore  bodies  found  have  been  opened  by  a 
short  tunnel  which  exposes  a  vein  of  garnet-epidote  rock  containing  chalcopyrite.  This  vein 
strikes  N.  15°  W.  and  chps  20°  SW.  The  lower  openings  expose  a  magnetite-chalcopjTite  ore, 
but  the  bodies  do  not  appear  to  be  extensive. 

TOLSTOI  GROTTP. 

The  Tolstoi  group  of  claims  is  south  of  the  Wallace  group,  just  below  the  summit  of  Tolstoi 
Mountain.  The  ore  bodies  are  low-grade  magnetite-chalcopyrite  masses  similar  to  those  on 
the  Iron  Cap  group,  but  they  have  not  been  so  extensively  prospected.  Only  the  required 
annual  assessment  work  has  been  done  on  this  property. 

BIG  FIVE  CLAIM. 

The  Big  Five  claim  Hes  half  a  mUe  east  of  Tolstoi  Bay,  on  the  trail  to  the  Iron  Cap  group, 
at  an  elevation  of  370  feet.  In  1908  a  tunnel  50  feet  long  and  a  shaft  exposed  scattered  masses  of 
chalcopyrite,  pyiThotite,  and  pyrite,  in  a  gangue  of  garnet,  epidote,  and  calcite.     The  mineraUzed 
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mass  is  10  feet  wide  and  is  a  replacement  deposit  in  limestone.     Many  slipping  planes  marked 
bj'  gouge  seams  traverse  both  ore  body  and  country  rock.     Assessment  work  only  is  done  on 

this  claim  each  year. 

IRON  ORE. 

The  only  ii'on  ore  found  in  Kasaan  Peninsuki  and  the  Copper  Mountain  area  is  magnetite, 
which  occurs  in  large  bodies  along  contacts  of  diorites  and  limestones.  No  special  study  has 
been  made  of  these  deposits,  which  have  been  developed  only  in  connection  with  the  mining 
of  the  copper  ores.  In  the  foregoing  descriptions  of  the  copper  deposits,  however,  nmnerous 
references  are  made  to  the  occm-rence  of  magnetite. 

The  amoimt  of  magnetite  shown  at  the  siirface  is  very  large,  and  most  of  the  ore  is  believed 
to  contain  no  phosphorus  or  other  detrimental  impurities.  The  work  at  some  of  the  copper 
mines  has  exposed  a  considerable  quantity  of  magnetite,  which  carries  from  one-half  to  one  and 
a  haK  per  cent  of  copper  but  which  can  not  now  be  mined  profitably  as  a  copper  ore.  If  the 
hon  could  be  utihzed,  however,  the  copper,  which  could  be  separated  magnetically  after 
crushing,  would  furnish  an  additional  source  of  profit.  The  utihzation  of  these  iron  ores 
would  seem  to  be  a  metallurgical  problem,  as  there  can  be  no  question  that  they  occur  in  quan- 
tities that  should  make  them  commercially  valuable. 

GENESIS   OF  THE   ORES. 

GENEBAI,  PRINCIPIiES. 

In  considering  the  probable  source  of  the  metal-bearing  minerals  that  formed  the  ore 
deposits  and  of  the  mineral-bearing  solutions  that  brought  them  from  their  original  source  and 
deposited  them,  with  other  minerals,  in  the  fissures  in  the  rocks,  it  should  be  remembered  that, 
as  in  most  other  problems  of  tliis  sort,  certain  theories  or  hypotheses  as  regards  a  supposed 
underljdng  igneous  magma,  the  activities  of  mineral  solutions,  the  precipitation  of  ores,  and 
the  metamorphic  agencies  and  action  are  based  on  meager  evidence.  These  hypotheses, 
however,  appear  to  afford  the  most  probable  explanation  of  the  condition  now  existing.  The 
determination  of  the  origin  of  an  ore  deposit  is  not  only  of  scientific  interest  but  of  economic 
importance,  for  on  this  determination  the  miner  must  base  his  conclusions  as  to  the  depth  to 
which  the  workable  ore  may- extend  and  as  to  whether  the  ore  will  become  more  or  less  valuable 
with  increase  of  deptli.  In  most  regions  the  workable  deposits  of  copper  ore  are  concentra- 
tions formed  by  circulating  waters,  generally  of  atmospheric  origin,  which  have  leached  lean 
origuaal  ores  and  concentrated  them  as  richer  ore  bodies  in  the  immediate  vicinity.  On  Copper 
Mountam  and  on  Kasaan  Peninsula,  however,  only  deposits  containing  original  or  primary  ores 
are  found;  few  or  no  s^econdary  ore  deposits  have  been  discovered. 

The  contact  deposits  are  the  principal  valuable  ores  in  these  two  areas  and  as  they  were 
fornied  dirrectly  by  metamorphic  processes  a  discussion  of  these  processes  is  necessary. 

METAJMORPHISM  PRIOR  TO  THE  GRANITIC  INTRUSION. 

The  metamorphic  changes  in  the  stratified  rock  in  the  Copper  Mountain  area  and  on  Kasaan 
Peninsula  have  already  been  described.  Such  changes  were  due  primarily  to  heat,  pressure,  and 
solution  and  probably  were  intensified  by  the  overburden  of  rock  strata  that  has  since  been 
removed  bj^  erosion  and  by  mountain-building  forces  or  shi-inkage  of  the  earth's  crust  that  caused 
lateral  compression  and  folding  of  the  beds.  These  forces  produced  what  is  known  as  regional 
metamorpliism,  causing  a  partial  crystalUzation  of  the  limestone  betls,  an  induration  of  the 
gray-wacke,  quartzites,  and  conglomerates,  and  a  partial  recrystaUization  and  the  develop- 
ment of  schistosity  in  the  more  tufl'aceous  and  argillaceous  beds. 

CONTACT  METAMORPHISM. 

DEFINITION. 

In  the  districts  under  discussion  the  metamorphism  of  the  intrusive  igneous  rocks  and  of 
the  rocks  they  intruded  is  widespread  and  the  processes  that  were  involved  in  the  changes 
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that  occurred  are  numerous.  These  complicated  phenomena  are  classed  under  the  term  "contact 
metamorphism,"  a  term  that  covers  the  mutual  effects  of  the  action  on 'the  intrusive  and  the 
intruded  rocks. 

The  action  of  an  intrusive  mass  of  molten  rock — an  action  that  affects  both  intruded  and 
intrusive  rock — is  in  part  recrystallization  and  in  part  replacement  by  added  material.  This 
action  has  its  ma.ximum  effect  at  the  contact  of  the  intrusive  masses  and  decreases  with  increase 
of  distance  from  the  contact. 

CAUSES    OF    CONTACT    METAMOKPHISM . 

Contact  metamorphism  is  due  largely  to  the  action  of  superheated  solutions  derived  from  the 
eruptive  magma  and  forced  into  the  rocks,  where  it  produced  recrystallization,  generally  mthout 
notable  addition  or  subtraction  of  material  except  in  contact  deposits,  which  represent  an 
extreme  type  of  metamorphic  action  and  whose  metallic  content  is  supposed  to  have  been 
contained  in  the  sui)erheated  aqueous  solutions.  The  presence  of  superheated  steam  or  water 
in  eruptive  magmas  is  referred  to  by  Gautier,'  who  makes  the  following  statements: 

Geological  observations  in  all  parts  of  the  world  show  that  thermal  waters  are  usually  related  to  ancient  or  modem 
volcanoes  and  that  they  issue  from  fissures  of  tlie  same  character  as  those  occupied  by  metalliferous  veins  or  igneous 
dikes.  *  *  *  [The  quantity  of  water  set  free  when  granite  is  brought  to  a  red  heat  is  at  least  25,000.000  to  30,000,000 
tons  (or  2i  to  3  per  cent  of  its  volume)  for  each  kilometer  of  this  rock  which  is  the  least  rich  in  water.]  Thus  the 
gases  which  I  have  extracted  from  rocks  are  composed  of  the  same  constituents  as  the  volcanic  gases.  The  vapor  of 
water,  free  hydrogen,  and  carbon  dioxide  predominate  in  both,  and  both  contain  carbon  monoxide,  marsh  gas,  nitrogen, 
a  little  hydrogen  sulphide,  and  traces  of  cyanogen  and  of  petroleum  compounds.  This  analogy  of  composition  suggests 
an  analogous  origin. 

Lindgi'en-  makes  the  following  statement: 

Turning  now  to  the  lai^e  class  of  '■  epigenetic  "  deposits  in  which  the  metal  is  of  later  origin  than  the  surrounding 
rock  and  has  been  introduced  by  agencies  foreign  to  the  rock  itself,  the  first  di\dsion  which  should  receive  attention 
is  that  of  the  contact-metamorphic  deposits.  In  these  the  ores  replace  limestones  or,  more  rarely,  other  sedimentary- 
rocks,  their  substance  is  beyond  reasonable  doubt  derived  from  metallic  emanations  from  intrusive  magmas,  and  their 
occurrence  is  closely  connected  with  the  actual  contact  with  these  intrusives,  although  they  may  extend  for  a  couple 
of  thousand  feet  away  from  the  igneous  rock.  The  deposits  which  generally  contain  magnetite  and  chalcopjTite  and 
which  usually  are  poor  in  gold  and  silver  were  formed  at  a  considerable  distance  below  the  surface,  probably  never  less 
than  1,000  feet,  and  there  is,  as  far  as  known,  no  other  limit  in  the  depth  at  whiih  they  can  be  formed  except  that  the 
heat  must  not  be  so  high  as  to  fuse  the  sedimentary  beds. 

In  another  paper  on  ore  deposits  and  physical  conditions  I.iindgrgn,^  wi'iting  of  ore 
deposits  due  to  contact  metamorphism  of  sediments  by  intrusive  igneous  rocks,  says: 

These  deposits,  which  are  almost  exclusively  of  metasomatic  origin,  are  apparently  caused  by  replacement  of 
calcareous  rocks  by  very  hot  solutions  given  off  by  the  cooling  magma.  These  solutions  were  probably  above  the 
critical  temperature  and  thus  really  in  a  gaseous  condition. 

Spurr  *  writes: 

All  rocks  contain  water,  but  the  molten  material  contains  more  than  the  resulting  rock.  Most  of  this  water  is 
expelled  at  the  moment  of  solidification,  together  with  ceitain  gases  and  a  great  variety  of  other  materials  held  in  solu- 
tion. When  rocks  cool  at  the  surface,  the  escaping  watei  forms  the  clouds  of  steam,  highly  chaiged  with  gases  and  min- 
erals, which  issue  from  fissures,  and  when  they  solidify  below  the  surface  the  waters  and  gases  may  be  forced  into  the 
inclosing  rock,  producing  that  recrystallization  and  rearrangement  of  its  constituents  which  is  called  contact  meta- 
morphism. 

Kemp  ^  makes  the  following  statement  in  regard  to  magmatic  waters: 

That  the  floods  of  lava  which  reach  the  surface  are  hea\-ily  charged  with  them  there  is  no  doubt,  *  *  *  There 
is  no  reason  to  believs  that  many  of  the  igneous  rocks  which  do  not  rsach  the  surface  are  any  less  rich,  and  when  they 
rise  so  near  to  the  upper  world  that  their  emissions  may  attain  the  surface  we  must  assign  to  the  resulting  waters  a 
very  important  part  in  the  underground  economy. 

1  Gautier,  Armand,  The  genesis  of  thermal  waters  and  their  connection  with  volcanism:  Econ.  Geology,  vol.  1,  No.  7,  pp.  688-697, 1906.    Trans- 
lation by  F.  L.  Ransome  of  La  genfese  des  eaux  thermales  et  ses  rapports  avec  le  volcanisme:  Annales  des  mines,  6th  ser.,  vol.  9,  pp.  316-370, 1906. 
■-  Lindgren,  Waldemar,  Ore  deposition  and  deep  mining:  Econ.  Geology,  vol.  1,  p.  36, 1905. 

■*  Lindgren,  Waldemar,  The  relation  of  ore  deposition  to  physical  conditions:  Econ.  Geology,  vol.  2,  No.  2,  pp.  105-127,  1907. 
<  Spurr,  J.  E.,  Relation  of  rock  segregation  to  ore  deposition:  Eng.  and  Min.  Jour.,  vol,  76,  p.  54, 1903. 
'  Kemp,  .T.  F.,  The  problem  of  metalliferous  veins:  Econ.  Geology,  vol.  1,  No.  3  ( December-January,  1905-6)  p.  229. 
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Lincoln/  writing  on  magmatic  emanations,  makes  the  following  statements: 
Magmas  contain  certain  substances  which  decompose  or  interact  unless  prevented  by  pressure  or  cooling.     These 
generators  give  rise  to  primary  magmatic  emanations.     (?ooling  or  pressure  or  both  cooling  and  pressure  prevent  the 
complete  destruction  of  the  generators,  hence  igneous  rocks  contain  repressed  emanations  which  may  be  expelled  by 
heating  them  to  red  heat  at  atmospheric  pressure. 

Intruded  magmas  by  heating  the  adjoining  rocks  induce  secondary  emanations  which  consist  of  part  of  the  poten- 
tial emanations  of  these  rocks.     The  ratio  of  primary  to  secondary  emanations  is  an  unknown  quantity. 

Magmatic  emanations  which  are  expelled  as  gases  and  vapors  become  at  the  ordinarj-  temperatures  of  the  earth's  sur- 
face solids,  liquids,  and  gases.  The  principal  gases  are  carbon  dioxide,  methane,  hydrogen,  hydrochloric  acid,  hydrogen 
sulphide,  sulphur  dioxide,  nitrogen  and  oxygen  with  less  carbon  monoxide  and  ethane  and  a  very  little  hydrofluoric, 
hydriodic,  and  hydrobromic  acids.  Water  is  the  only  important  liquid,  and  it  makes  up  a  large  percentage  of  the  total 
emanation.  The  solids  are  chiefly  chlorides  and  sulphates  of  the  alkalies  and  alkaline  earths  and  of  iron,  together 
with  a  much  smaller  quantity  of  metals  and  mineralizers. 

DEVELOPMENT    OF    CONTACT    METAMORPHISM. 

As  has  already  been  noted,  the  intruded  rock  strata  had  been  subjected  to  regional  meta- 
morphism  prior  to  the  intrusion  of  the  igneous  masses,  which  cooled  and  solidified  at  a  consider- 
able depth  below  the  surface.  It  is  therefore  reasonable  to  suppose  that  the  heat  contained  in 
the  igneous  rock  masses  at  the  time  of  their  intrusion  was  gradually,  though  extensively,  imparted 
to  the  intruded  rock  beds.  It  is  reasonable  to  assume  that  while  losing  their  heat  both  the  intru- 
sive and  intruded  rocks  contracted  somewhat  at  their  contacts,  leaving  small  open  spaces  and 
fissures  in  the  contact  zone,  which  permitted  the  metamorphic  action  to  extend  stiU  farther 
from  the  contact.  Around  the  intrusive  contacts,  especially  at  points  where  the  line  of  contact 
is  irregular,  many  cracks  and  fissures  were  formed,  and  along  these  local  fractures  the  effects  of 
contact  metamorphism  are  most  pronounced.  The  emanations  from  the  igneous  magma  or 
mineralizing  solutions  ascended  along  these  openings,  dissolving  and  precipitating  minerals  and 
forcing  themselves  outward  into  the  more  or  less  porous  wall  rocks,  where  they  caused  replace- 
ment of  the  original  mineral  components  of  the  rocks.  The  deposition  of  minerals  from  these 
solutions  is  attributed  to  supersaturation  resulting  from  the  decrease  in  the  temperature  and 
pressure  of  the  solutions  as  they  came  into  contact  with  colder  rocks,  but  was  probably  to 
some  extent  due  to  precipitation  of  elements  that  entered  the  solutions  on  their  upward  course. 

ORIGIN    OF    ELEMENTS    CONTAINED    IN    MINERAL    SOLUTIONS. 

Whether  the  elements  contained  in  the  mineral  solutions  were  derived  directly  from  the 
magma  from  which  the  solutions  emanated  or  whether  they  were  derived  from  the  rocks  through 
which  the  solutions  passed  is  not  known,  but  it  is  probable  that  certain  elements,  such  as  iron, 
sulphur,  and  copper,  found  in  the  contact  deposits  and  not  in  the  adjacent  rocks,  were  contained 
originally  in  the  heated  solutions.  The  lime  and  magnesia  in  the  contact  rock,  however,  are 
beheved  to  have  been  derived  by  the  solutions  from  the  calcareous  rocks  through  which  they 
passed;  the  silica,  alkalies,  and  alumina  which  have  entered  into  the  composition  of  the  contact 
rock  may,  on  the  other  hand,  have  been  leached  from  the  diorite. 

METAMORPHIC    EFFECTS    ON    THE    INTRUDED    ROCKS. 

The  character  and  extent  of  the  contact  metamorphism  of  the  intruded  rocks  have  been 
determined  by  many  factors,  such  as  the  temperature,  composition,  depth,  size,  and  form  of 
the  intrusive  mass  and  the  composition  and  porosity  of  the  intruded  rock  strata.  Though  the 
results  of  metamorphism  should  be  similar  under  similar  conditions  the  amount  of  alteration 
varies  widely  from  one  point  to  another  along  the  same  contact  and  is  besides  dependent  on  the 
local  development  of  fractures  and  fissures  in  the  rocks  along  which  the  solutions  circulated 
and  produced  the  alterations  noted.  Extensive  replacement  of  rock  beds  at  certain  localities 
and  practically  none  at  others  indicates  that  the  metamorphism  is  due  mainly  to  the  action  of 

1  Lincoln,  F.  C,  Magmatic  emanations:  Econ.  Geology,  vol.  2,  No.  3,  pp.  273,  274,  1907. 
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mineral  solutions  that  were  introduced  along  the  contacts,  and  not  so  much  to  the  immediate 
effects  of  heat  and  chemical  reactions  in  the  intruded  rocks  themselves  at  the  time  of  the  igneous 
intrusion. 

The  mineral  solutions  penetrated  the  sedimentary  rocks  most  freely  and  produced  meta- 
somatism most  readily  along  calcareous  layers  in  the  strata,  completely  altering  them.  In  such 
beds  diopside,  garnet,  epidote,  and  feldspar  were  formed,  and  in  some  places  pyi'ite,  pyrrhotite, 
and  chalcopyrite  are  scattered  thi'ough  them.  Limestone  beds  that  lay  at  the  contact  are  changed 
to  marble  and  contain  tremoUte.  Generally  the  Hne  of  contact  with  the  limestone  is  sharp  and 
is  marked  by  the  development  of  granules  of  diopside  next  to  the  intrusive  rock  and  of  tremo- 
lite  in  fine  needles  in  the  limestone.  The  contact  rock  contains  included  fragments  and  small 
masses  of  limestone  and  in  places  considerable  calcite,  which  may  have  been  formed  by  solution 
and  reprecipitation  of  the  limestone. 

The  calcite  crystals  usually  form  a  matrix  including  diopside  and  garnet  in  irregular 
grains,  and  in  some  places  appear  to  be  the  last  mineral  formed. 

In  the  more  porous  strata,  such  as  the  schists  and  graywackes,  there  is  not  the  sharp  con- 
tact between  the  contact  rock  and  the  intrusives,  except  where  the  intrusive  fills  fissures  that 
extend  into  the  contact  rock.  These  rocks  appear  to  have  been  impregnated  with  mineralizing 
solutions  which  deposited  in  them  garnet,  epidote,  diopside,  feldspar,  hornblende,  woUastonite, 
tremolite,  calcite,  and  some  quartz,  the  first  four  minerals  being  confined  to  the  contact  zone 
and  the  last  five  minerals  lying  farther  away  from  the  contact.  To  what  extent  these  minerals 
were  formed  by  metasomatism  of  the  rock  beds  without  addition  of  material  is  difficult  to 
determine ;  nor  is  it  possible  to  say  to  what  extent  new  material  was  introduced  by  the  solutions. 

SrET AMORPHIC    EFFECTS    ON    THE    INTRUSIVE    ROCKS. 

The  direct  changes  caused  by  the  adjacent  igneous  mass  are  relatively  slight  in  comparison 
to  the  changes  caused  by  the  mineral  solutions  that  passed  along  the  contact  and  impregnated 
the  rocks  along  the  channels  they  traversed.  The  changes  noted  are  essentially  those  of  meta- 
somatism and  occurred  after  the  intrusive  mass  had  sohdified.  Greater  changes  were  made 
in  the  intrusive  than  in  the  intruded  rocks.  In  many  places  metasomatism  caused  by  the  solu- 
tions has  been  so  great  that  the  intrusive  rock  itself  is  entirely  transformed  into  contact  rock. 
Generally,  there  is  no  sharp  line  of  division  between  the  contact  rock  and  the  intrusive  mass, 
the  two  grading  into  each  other.  In  certain  places  fissure  veins  of  contact  rock  enter  the  intru- 
sive rock,  but  they  do  not  extend  far  from  the  contact  zone.  The  wall  rocks  around  the  contacts 
show  here  and  there  a  slight  veining,  a  few  inches  to  a  few  feet  wide.  These  veins  are  pegmatitic, 
consistuig  of  large  amphibole  and  plagioclase  crystals  with  some  pyrrhotite,  diopside,  and  calcite. 
The  feldspar  in  the  diorite  itself  has  been  altered  to  scapolite,  the  alteration  being  attributed 
to  the  action  of  the  mineralizing  solutions.  Wliere  wide  zones  of  contact  rock  occur  the  intrusive 
rock  has  been  most  altered  and  has  contributed  in  large  measure  the  material  that  makes  up  the 
contact  rock,  as  is  shown  by  analyses  of  the  unaltered  diorite,  of  the  altered  diorite  at  the  con- 
tact, and  of  the  contact  rock  itself,  which  are  remarkabh'  similar  for  rocks  that  differ  so  widely 
in  mineral  composition. 

The  main  effects  of  the  contact  metamorphism  on  the  diorite  have  been  to  change  the 
feldspar  (essentially  alkaline)  to  scapohte  and  the  hornblende  to  diopside  and  epidote.  On  pass- 
ing from  the  unaltered  diorite  toward  the- contact  one  may  note  that  the  granitic  texture  gradu- 
ally disappears,  the  rock  assumes  a  dull  and  somewhat  bleached  appearance,  the  altered  feldspar 
aggregates  are  separated  by  pale-green  diopside  and  aggregates  of  epidote,  and  finally  that  the 
rock  seems  to  be  amorphous,  of  a  pale-pink  to  greenish  color,  and  felsitic  in  texture.  This 
felsitic  rock  is  made  up  almost  entirely  of  scapolite,  light-green  diopside,  some  epidote  in  tufted 
aggregates,  garnet  in  patches  (in  places  connected  with  veins),  and  scattered  particles  of  calcite. 
In  the  contact  rock  the  original  feldspar  and  ferromagnesian  minerals  are  entirely  replaced, 
though  the  rock  stUl  contains  unaltered  titanite  crystals  in  considerable  amounts,  which  were 
originally  in  the  diorite,  this  occurrence  emphasizing  the  fact  that  the  alteration  of  the  diorite 
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has  been  extensive  and  that  m  certain  places,  at  least,  the  contact  rock  is  only  a  replacement  of 
the  diorite.  The  first  alteration  of  the  diorite  was  evidently  accompanied  by  the  deposition  of 
pyrite,  pyi-rhotite,  and  molybdenite.  Diopside  seems  to  occur  where  pyrite  is  present  and 
calcite  \vith  hornblende  accompanies  the  molybdenite  and  magnetite. 

DEVELOPMENT  OF  THE  CONTACT  KOCK. 

Microscopic  study  of  numerous  specimens  of  the  contact  rock  shows  that  it  is  in  part  altered 
wall  rock,  mostly  limestone,  and  in  part  altered  diorite,  and  that  some  of  it  has  been  formed 
by  the  filling  of  fissures  in  these  rocks.  The  interior  parts  of  several  specimens  of  limestone 
that  were  included  in  the  contact  rock  and  of  ores  of  the  Jumbo  mine  are  a  finely  granular  white 
limestone  containing  considerable  dolomite,  which  is  bordered  by  a  zone,  a  few  centimeters 
wide,  in  which  tremolite  is  abundant,  and  just  outside  of  this  zone  is  another  zone,  several 
inches  wide,  in  which  tremolite  disappears  and  diopside  is  abundant.  Garnet  may  accompany 
the  diopside,  and  at  a  distance  from  the  limestone  may  take  its  place,  passing  into  a  vein  deposit 
with  garnet  druses.  Usually,  however,  a  deep-green  amphibole  appears  at  the  outer  border 
of  the  diopside  zone,  and  beyond  it  the  ores,  chalcopyi'ite  and  pyi'rhotite,  become  abundant, 
passing  into  solid  masses  of  sulphide.  Much  of  the  rock  of  the  contact  zone  consists  of  garnet 
and  diopside  with  calcite,  the  diopside  scattered  and  the  garnet  in  part  scattered  and  in  part 
filling  fissures. 

The  following  analyses  show  the  chemical  composition  of  the  several  tyjies  of  rock  found 
at  the  Jumbo  mine.     The  analyses  were  made  from  chips  representing  every  type. 

Analyses  of  specimens  of  rock  from  the  Jumbo  mine. 


1.  Diorite. 

2.  Altered 
diorite. 

3.  Contact 
rock. 

4.  Lime- 
stone. 

5.  Garnet. 

6.  Ortho- 
clasite. 

7.  Diop- 
side. 

SiOs 

59.44 
17.40 
3.30 
2.77 
1.81 
6.51 
4.22 
3.12 
.06 
.56 
.66 
None. 
.28 

46.57 
13.51 
2.92 
2.73 
2.80 
19.92 
2.33 
2.52 
.33 
.53 
.64 
3.40 
.27 

39.51 
5.87 
8.54 
3.40 
5.08 
29.42 
1.00 
.64 
.33 
.62 
.29 
3.68 
.07 
Trace. 

0.61 
.30 

.48 

35.18 
5.15 

25. 05 
.40 
.09 

33.36 

62.03 
16.39 

.72 
.86 
1.60 
3.00 
1.08 
12.38 
.24 
.61 
.53 

55.12 

FesOa                                  

MgO                             

8.00 
46.45 

IS.  15 

CaO                                              .             

K2O                                              

.22 

.42 

I                -1^ 

H2O+                          

COi                

44.07 

P2O6 

.13 

S                                 

.02 

.17 
.07 
.05 

.06 
.03 

.40 

.62 

;:::::::"■:■■; 

BaO 

SrO 

YeSi 

.64 

MoS- 

.78 

100.44 

99.70 

99.71 

100.22 

99.65 

100.17 

100.47 

1  to  6  are  analyses  of  rock  from  Jumbo  No.  4  claim.    Analysts:  1,  4,  George  Steiger;  2,  3,  R.  C.  Wells;  5,  W.  T.  Schaller;  6,  Chase  Palmer. 
7  is  a  published  analysis  (Dana,  E.  S.,  System  of  mineralogy,  6th  ed. ,  p.  359, 1892)  of  a  diopside  at  a  diorite  limestone  contact  at  De  Kalb,  N.  Y. 

The  analyses  indicate  that  in  order  to  derive  a  considerable  part  of  the  contact  rock  from 
the  limestone  by  the  development  of  such  minerals  as  are  abundant  in  the  contact  rock  it  would 
be  necessary  to  add  much  silica,  considerable  ferric  oxide,  and  some  alumina,  and  to  subtract 
a  corresponding  quantity  of  lime  and  carbon  dioxide.  It  is  assumed  that  solutions  passing 
from  the  cooling  intrusive  rock  performed  these  changes.  The  analysis  of  the  altered  diorite 
shows  that  it  has  lost  such  constituents  as  have  been  gained  by  the  limestone  and  that  it  has 
gained  much  lime  and  carbon  dioxide,  constituents  that  the  limestone  has  lost. 

A  specimen  of  the  altered  diorite  at  the  contact  with  diopside-garnet-calcite  rock  had  lost 
all  its  free  quartz  and  most  of  its  plagioclase,  and  in  place  of  these  it  contained  abundant  calcite, 
considerable  garnet,  and  much  diopside.  Its  orthoclase  was  still  present  in  nominal  amount. 
Small  patches  of  molybdenite  accompanied  the  calcite.  The  molybdenite  had  clearly  been 
introduced,  for  it  was  abundant  in  the  adjacent  contact  rock.  If  this  rock  had  lost  orthoclase 
and  had  gained  a  little  more  garnet  it  could  not  be  distinguished  from  the  contact  rock  developed 


GENESIS   OF    THE   ORES. 


107 


from  the  limestone.  The  analyses  of  the  diorite,  altered  diorite,  and  contact  rock  show  clearly 
that  by  subtractinjr  the  elements  of  the  alkali  feldspar— silica,  alumina,  and  alkaU— and  addmg 
the  constituents  of  the  limestone  and  of  garnet  the  diorite  could  bo  transformed  into  the  contact 
rock.  The  less  altered  diorite  in  places  shows  little  change  except  the  replacement  of  plagioclase 
by  scapolite  and  the  introduction  of  calcite. 

Irregular  veinhke  bodies,  which  are  generally  the  latest  phase  of  the  contact  rock,  vary 
m  composition  from  pure  gurnet  and  nearly  pure  diopside  to  mLxtures  of  orthoclase,  calcite, 
and  epidote,  with  or  without  diopside  and  garnet.  A  specimen  from  the  Sultana  chum  smiu- 
lates  very  perfectly  the  texture  of  coarse  diabase.  It  contains  long,  lathlike  intersecting 
crystals  of  nearly  colorless  diopside  in  a  matrLx  of  dark  garnet  and  calcite  in  small  amount  m 
place  of  the  garnet,  suggesting  that  the  diopside  developed  in  limestone  and  that  the  garnet 
replaced  '  this  limestone.  The  abundance  of  orthoclase  unassociated  with  quartz  is  especially 
noteworthy.  It  occurs  in  very  irregular  branching  masses  a  few  inches  wide,  generally  pmk 
in  color  and  very  fine  grained,  even  under  the  microscope,  and  consisting  of  orthoclase  and  cal- 
cite and  masses  of  more  coarsely  crystalline  epidote  or  diopside.  These  masses  are  probably 
closely  related  in  origin  to  the  syenitic  form  of  the  diorite,  described  as  diopside-orthoclasite, 
an  analysis  of  which  is  given  in  the  table  on  page  40  (anah'sis  6). 

TremoUte  and  diopside  are  found  along  the  contact  of  the  intrusive  rock  with  massive 
limestone;  woUastonite  appears  near  the  shaly  limestones  and  is  accompanied  by  much  garnet 
and  little  or  no  diopside.  The  bands  of  garnet  are  sharply  separated  from  the  bands  of  woUaston- 
ite, the  garnet  probably  occupying  the  plaf  e  of  shaly  bands  and  the  woUastonite  that  of  the 
purer  limestone.  The  absence  of  both  tremolite  and  diopside  near  the  shaly  limestone  is  prob- 
ably due  to  its  lack  of  magnesia.  Both  these  minerals  are  calcium-magnesium  silicates,  but 
woUastonite  is  a  calcium  silicate.  i  •  i  ■ 

The  contact  rock  is  richer  than  either  of  the  rocks  inclosing  it  hi  ferric  oxide,  which  is  abun- 
dantly present  in  the  garnet,  and  must  have  been  introduced  by  the  solutions  that  caused  the 
contact  metamorphism  and  the  deposition  of  the  ores. 

The  analysis  of  the  contact  rock  in  the  contact  deposits  on  Kasaan  Peninsula  does  not  show 
a  great  change  in  composition  (see  analysis,  p.  83)  because  of  the  similarity  in  composition  of  the 
intrusive  diorite  and  the  intruded  graywackes.  The  ore  bodies,  however,  show  that  the  copper 
and  iron  oxides  and  sulphides  were  introduced  by  the  mineral-bearing  solutions. 

DEVELOPMENT    OF    THE    ORE   MINERALS. 

The  ore  minerals  occur  chiefly  near  the  limestone  contact.  With  garnet  and  diopside, 
pyi-rhotite  and  chalcopyi'ite  are  locaUy  abundant  in  the  recrystallized  Ihnestone.  These  ore 
minerals  ramify  in  a  meshlike  structure  through  the  calcite  that  incloses  the  diopside  and 
garnet,  and,  in  places,  the  amphibole.  Finely  outlined  crystals  of  diopside  are  scattered  thickly 
through  the  ore  at  some  places  in  precisely  the  same  manner  as  in  the  Ihnestone.  In  other  places, 
as  at  the  Sultana  claim,  the  ore  occurs  in  parting  and  cleavage  planes  in  shattered  crystals  of 
diopside  and  in  veinlets  of  garnet.  In  a  spechnen  from  the  Jumbo  No.  4  claim  the  garnets 
that  occur  in  the  compact  limestone  of  the  wall  rock  are  surrounded  by  thm  sheUs  of  chal- 

copyrite.  .     .  .  ,  .  , 

'  Chalcopyrite  occurs  sparingly  in  the  altered  diorite  in  close  association  with  calcite,  whicii 
has  been  introduced  into  the  diJrite.  Chalcopyrite  and  pyrrhotite  are  irregularly  distributed 
m  veinUke  masses  through  that  part  of  the  contact  zone  which  consists  largely  of  garnet, 
diopside,  orthoclase,  calcite,  and  epidote.  As  developed  in  the  contact  rock  this  ore  replaces 
calcite  but  not  to  any  notable  extent  the  other  minerals. 

In  certain  places  the  sulphide  ores  occur  in  distinct  veins  in  the  contact  zone  associated 
with  epidote,  quartz,  orthoclase,  calcite,  a  dark  amphibole,  magnetite,  and,  to  less  extent,  diop- 
side and  garnet. ^ 

.  The  term  ■•  replaeement ' '  is  used  in  this  report  in  its  broadest  sense,  meaning  "taking  the  place  of."  without  implyiii?  that  solution  and  deposi- 
tion hive  be™  pr!cticaUy  simultaneous.  However,  the  microscopic  evidence  that  the  plagioclase  ot  the  diorite  altered  d^ec.Iy  to  scapohte  ts  as 
clear  as  could  be  desired. 
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PROGRESS    OF    MINERALIZATION. 

The  following  view  of  the  progress  of  mineralization  in  the  contact  zones  is  favored  by  the 
evidence.  In  the  limestone  tremolite  (or  woilastonite)  and  diopside  were  formed  by  the  intro- 
duction of  silica;  later,  and  in  part  contemporaneously,  garnet  was  formed  by  the  combination 
of  the  lime  (already  present)  with  siUca,  ferric  iron,  and  alumina,  introduced  by  solution. 
While  the  quartz  and  feldspars  were  being  removed  from  the  diorite  calcite,  garnet,  and  pyroxene 
(diopside)  were  added.  '  Afterward  chalcop>Tite  and  pyi-rhotite  replaced  part  of  the  calcite  in 
the  contact  zone  without  notably  affecting  the  other  minerals.  Later  the  fissures,  which  prob- 
ably held  the  solutions  during  the  period  of  active  metamorphism,  were  filled  with  pyrite, 
chalcopyiite,  magnetite,  and  the  other  minerals  above  enumerated.  Finally  upon  the  older 
vein  minerals  were  deposited  notably  zeolite  and  calcite. 

PROBABLE  LIMITS  OF  TEMPERATURE. 

The  probable  limits  of  temperature  between  which  contact  metamorphism  took  place 
can  not  be  very  closely  determined.  Woilastonite,  which,  for  reasons  already  stated,  appears 
to  have  been  one  of  the  first  minerals  formed  in  the  contact  zone,  can  not  exist  above  1190°  C.^ 
The  garnet,  some  of  which  probably  formed  almost  contemporaneously  with  the  woilastonite, 
is  a  variety  having  distinct  double  refraction.  Experiments  made  with  this  garnet  by  Dr. 
Merwin  at  the  Geophysical  Laboratory  of  the  Carnegie  Institution  of  Washington  show  that  it 
loses  its  birefruigence  after  it  has  been  heated  for  a  few  hours  at  about  800°  C,  and  does  not 
regain  it  after  several  hours  heating  at  600°  C.  This  fact  indicates  that  most  of  the  meta- 
morphism took  place  at  temperatures  lower  than  800°  C. 

•Quartz  occurs  in  the  contact  zone  only  in  veins.  Tests  made  on  some  of  this  vein  quartz 
by  F.  E.  Wright,  according  to  the  method  described  by  Wright  and  Larsen,^  indicated  that  it 
was  formed  at  temperatures  below  575°  C.  The  vein  quartz  was  formed,  however,  during  the 
last  stages  of  metamorphic  activity. 

1  Allen,  E.  T.,  and  White,  W.  E.,  On  woilastonite  and  pseudowoUastonite:  Am.  Jour.  Sci.,  4th  ser.,  vol.  21,  p.  S9,  1906. 
>  Wrieht.  F.  E.,  and  Larsen,  E.  S.,  Quartz  as  a  geologic  thermometer:  Idem,  vol.  27,  pp.  421-447, 1906. 
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PREFACE. 


The  present  paper  is  the  first  of  a  new  series  to  be  published  by  tlie  Geological  Survey 
under  the  title  "Contributions  to  general  geology."  Of  late  years  Survey  authors  have  become 
contributors  to  scientific  and  technical  journals  to  an  extent  that  suggests  the  need  of  an  official 
channel  for  papers  of  a  certain ,type.  Contribution  to  these  outside  journals  is  a  valuable  phase 
of  the  Survey's  activity  and  will  continue;  but  this  method  of  publication  has  certain  limita- 
tions by  reason  of  liotii  the  capacity  and  the  circulation  of  these  journals.  The  time  has  come 
for  begiiming  a  volume  that  will  afford  opjiortunity  for  the  publication  of  short  papers  and 
preliminary  reports  of  a  character  not  well  adapted  to  pubhcation  in  any  of  the  forn^s  heretofore 
used  by  the  Survey. 

It  is  significant  that  so  many  of  the  Survey  geologists  are  making  scientific  contributions 
of  general  interest  that  represent  results  incidental  to  other  investigations  or  that  are  of  the 
nature  of  lay-products  of  work  whose  immediate  purpose  is  economic.  This  is  because  the 
so-called  economic  work  of  the  Survey  is  really  scientific.  It  is  scientific  in  method  and  sci- 
entific in  results.  It  represents  the  application  of  science  to  the  solution  of  problems  whose 
mam  bearing  may  be  utifitarian  but  which,  if  successfully  solved,  will  afford  by-products  in 
results  and  princijales  that  will  yield  gi-eater  ultimate  possibilities  of  use  to  man.  In  order  to 
encourage  greater  breadth  of  oljservation  and  investigation  among  the  geologists  and  to  pro- 
mote tlie  scientific  possibilities  of  theu-  professional  work,  means  should  be  provided  for  prompt 
pubhcation  of  such  papers  in  a  permanent  form  that  will  commend  itself  to  both  author  and 
reader.  Provision  has  been  made  since  1902  for  the  current  publication  of  short  papers  relating 
specifically  to  economic  geology,  and  the  new  series  here  established  is  intended  to  make  similar 
provision  for  scientific  papers  relating  to  general  geology. 

In  advance  of  the  printing  of  the  full  volume,  separates,  each  including  one  or  more  pajiers, 
wiU  he  issued  to  the  number  of  10  or  12  a  year  as  the  manuscri]it  and  illustrations  are  ready, 
without  waiting  for  material  for  the  full  volume  to  be  in  hand  or  even  pronused.  These  separates 
will  be  paged  continuously,  so  that  the  volume  wiU  be  simply  a  consolidation  of  the  separates, 
without  change  of  pagination,  a  distinct  advantage  for  bibliographic  reference.  The  date  of 
])ublication  will  be  printed  on  the  title-page  of  each  separate. 

The  papers  included  in  these  "Contributions  to  general  geology"  may  relate  to  any  i>hase  of 
geology,  provided  it  possesses  general  interest— petrology,  paleontology,  stratigraphy,  glaciology, 
structural  geology,  etc.  This  volume  is  intended  not  as  a  catch-all  for  current  otlds  and  ends, 
but  as  a  dignified  collection  of  scientific  contributions,  each  worthy  in  importance  of  subject, 
value  of  results,  and  ciuality  of  treatment  for  separate  pubhcation  as  a  bulletin  or  professional 
paper  if  it  were  of  suMicient  length. 
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THE  ORIGIN  OF  COLEMANITE  DEPOSITS. 


By  HoYT  S.  Gale. 


INTRODUCTION. 

A  brief  study  of  several  of  the  more  important  borate  deposits  in  southern  C'aUfornia 
during  1912  has  suggested  to  the  writer  some  ideas  believed  to  be  new  regarding  the  origin 
of  colemanite.  The  theory  presented  here  has  not  yet  been  entirely  proved,  but  as  there  is 
much  in  its  favor  and  as  it  affords  suggestions  and  a  working  basis  for  further  observation, 
which  the  writer  also  hopes  to  have  opportimity  to  make,  it  seems  proper  to  place  the  matter 
briefly  on  record. 

This  paper  is  based  chiefly  on  a  short  personal  study  of  the  borate  deposits  in  Ventura 
County,  Cal.,  supplemented  by  more  cursory  examinations  of  similar  deposits  in  the  vicinity 
of  Death  Valley,  and  includes  a  review  of  published  data  on  tliis  subject  and  of  personal 
communications  from  those  who  have  visited  deposits  elsewhere.  A  report  discussing  the 
economic  geology  of  the  colemanite  deposits  of  Ventura  County  and  the  mining  operations 
on  them  will  appear  in  another  place.'  It  is  believed  that  these  deposits  afford  exceptional 
opportunities  for  the  studj^  of  the  relationsliips  of  the  colemanite  ores. 

VOLCANIC    ORIGIN   OF   BORIC   ACID. 

It  is  generally  recognized  that  boric  acid  in  considerable  quantities  is  an  original  con- 
stituent in  the  watere  and  gases  given  off'  with  volcanic  emanations.  In  fact,  the  Tuscan 
fumaroles  have  been  an  important  commercial  source  of  boric  acid  in  Italy  for  a  long  tune, 
and  in  the  past,  possibly  even  to  the  present  time,  almost  all  the  boric  acid  brought  into  the 
European  market  was  derived  from  this  source.  There  is  abundant  evidence  of  the  presence 
of  boric  acid  in  volcanic  emanations  in  many  parts  of  the  world.  On  the  other  hand,  boron 
is  so  rare  a  constituent  of  rock-forming  minerals  that  it  forms  an  almost  inappreciably  small 
percentage  of  the  earth's  rock  mass  as  a  whole.  It  is  therefore  natural  m  studying  the  genesis 
of  boron  mmerals  or  deposits  to  look  primarily  for  evidence  of  a  possible  origin  in  volcanic 
emanations.  Such  an  origin  is  believed  to  be  in  fact  strongly  indicated  by  the  relations  to  be 
observed  in  most  borate  deposits  that  have  been  studied. 

HYPOTHESES   REGARDING   ORIGIN   OF   COLEMANITE. 

The  immediate  origin  of  the  colemanite  ores  of  the  southern  part  of  the  Great  Basin  has 
been  discussed  by  several  writers  and  geologists.  W.  H.  Storms  was  perhaps  the  first  to 
provide  the  explanation  which  has  been  more  or  less  fully  accepted  since.  In  describing  the 
deposits  at  Calico,  near  Daggett,  Cal.,  he  says:- 

To  me  it  seems  that  wha(  is  now  one  of  the  most  valuable  deposits  of  mineral  in  the  State  was  at  one  time  the  site 
of  a  Tertiar)^  lake  of  considerable  but  as  yet  undetermined  size;  that  although  subjected  to  the  same  oscillation  as  the 
remainder  of  the  region,  a  basin  formed,  in  which  the  waters  collected,  carrj-iug  with  them  the  mineral  salts  derived 

1  Gale,  Hoyt  S.,  The  borate  deposits  of  Vemura  County,  Cal.:  U.  S.  Geol.  Survey  Bull.  640-0, 1913. 

-  Storms,  W.  H.,  Mineral  resources  of  San  Bernardino  County,  Cal.:  California  State  Min.  Bur.  Eleventh  Ann.  Rept.,  p.  ZVi,  1893. 
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fidiu  the  rucks  of  the  ueighburiiig  country :  that  iiiuiUy  the  climatic  conditions  became  such  that  the  supply  of  water 
was  less  than  the  loss  by  absorption  and  evaporation,  and  the  waters  of  the  lake  slowly  diminished,  it  finally  dis- 
appearing entirely,  leaving  on  the  floor  of  the  lake  a  thick  deposit  of  calcium  borate  of  snowy  whiteness. 

After  the  deposition  of  the  borax  bed  a  general  subsidence  of  the  region  occiuTed,  the  waters  of  the  great  Tertiary 
lake  once  more  covering  the  whole  country.  Again  the  sands  and  finer  sedimentary  material — the  erosion  of  the 
mountains— were  canied  down  and  found  a  resting  place  on  the  floor  of  the  lake,  the  borax  beds  being  finally  covered. 

Subsequent  deformation  of  these  strata  has  tilted  and  erosion  exposed  the  borate  beds. 
Campbell '  adopted  a  similar  explanation  of  the  genesis  of  the  deposits  at  the  same  locality: 

The  borax  of  Death  Valley,  as  well  as  that  near  Daggett,  occiu-s  in  a  regular  stratum,  interbedded  with  the  semi- 
indurated  sands  and  clays  that  make  up  the  bulk  of  the  strata.  These  beds  are  generally  regarded  as  of  Tertiary  age, 
and  they  are  supposed  to  have  been  deposited  in  inclosed  bodies  of  water. 

The  principal  deposit  of  boron  salts  [near  Daggett]  occurs  at  Borate,  about  12  miles  north  of  Daggett,  in  the  vicinity 
of  the  old  Calico  mining  district.  The  mineral  found  here  is  borate  of  lime,  or  colemanife,  and  it  occurs  as  a  bedded 
dejjusit  from  5  to  30  feet  ia  thickness,  interstratified  in  lake  sedinient.s. 

Spurr,-  in  discussing  the  character  and  formation  of  the  Tertiary  lake  beds,  says,  with 
special  reference  to  the  borate  of  lime  deposits :  "The  internal  evidence  of  these  beds  shows  that 
much  of  the  material  was  laid  down  in  inclosed  lake  basins,  and  that  the  colemanite  beds  are 
proliably  the  result  of  the  eva])oration  of  Tertiary  alkaline  lakes  during  periods  of  aridity." 

Later  Keyes  ^  suggested  a  modification  of  the  hypothesis  by  assuming  the  Tertiary  water 
bodies  to  have  been  marine,  "a  great  shallow  arm  of  the  Pacific  Ocean  that  had  been  cut  oft" 
by  the  upheaval  of  the  mountain  ranges  along  the  coast."  As  the  fossils  obtained  from 
the  sedimentary  beds  Associated  with  the  borates,  at  least  in  the  Moliave  Desert,  indicate  a 
land  and  fresh-water  fauna  exclusively,  this  modification  of  the  hypothesis  may  probably  be 
dismissed. 

Baker  *  discusses  at  some  length  the  character  of  the  sediments  associated  with  the  borate 
deposits  and  refers  to  the  genesis  of  borate  ores  near  Daggett: 

The  interbedded  layers  of  colemanite,  gypsum,  and  limestone  were  most  probably  deposited  on  the  evaporation  of 
a  body  of  water  of  considerable  depth,  since  the  colemanite  layer  is  from  5  to  30  feet  in  thickness.  Layers  of  pure 
gypsum  .several  inches  thick  are  found,  as  well  as  more  considerable  thicknesses  of  what  is  probably  chemically  deposited 
limestone.  An  alternative  hypothesis,  that  these  minerals  had  their  immediate  origin  in  hot  springs  and  solfataras 
opening  directly  into  shallow  lakes,  perhaps  only  of  seasonal  duration,  or  in  playas,  has  much  to  commend  it,  especially 
when  considered  in  connection  with  the  numerous  evidences  of  shallow-water  deposition.  These  evidences  comprise 
ripple  marks,  sun  bracks,  rain  prints,  found  on  the  finer  as  well  as  the  coarser  beds,  and  the  layers  of  fine  breccia  and 
conglomerates  interbedded  with  the  fine  shales  and  tuffs.  Shallow  lakes  or  ponds  probably  existed  at  times  during 
the  deposition  of  the  fossiliferous  tuft  member,  for  they  seem  to  be  necessary  to  account  for  the  ])resence  of  the  gastro- 
pods. The  paucity  or  absence  of  fossils  in  the  borate  and  the  fine  ashy  and  shaly  tuff  members  (but  one  specimen  of  a 
Planorbis  was  found  in  these  beds),  as  well  as  the  presence  of  the  colemanite,  limestone,  and  gypsum  layers,  apparently 
indicates  the  salinity  of  the  waters.  *  *  *  Colemanite.  gypsum,  and  lime-stone  were  deposited  either  by  hot 
springs  or  solfataras  in  saline  lakes,  wliich  might  have  been  of  shallow  depth,  or,  having  leached  from  the  smrounding 
rocks,  were  precipitated  during  a  time  or  times  of  evaporation  of  a  former  fresh-water  lake  of  considerable  depth. 

Lately  Eakle  ^  has  described  the  colemanite  mined  at  Lang  and  summarized  the  origin  of 
the  deposit  as  follows: 

The  bedded  character  of  the  deposit  is  evidence  that  the  mineral  crystallized  from  an  evaporating  solution,  and 
that  precipitations  of  both  the  borate  and  some  oT  the  silt  which  formed  the  shales  took  place.  The  solution  filled  a 
closed  basin  as  a  lake  or  marsh,  probably  similar  to  the  alkali  marshes  of  the  desert  regions.  It  is  generally  character- 
istic of  such  deposits  that  salts  of  various  kinds,  often  In  alternating  series,  especially  carbonates  and  sulphates  of  lime 
and  soda,  make  up  the  deposit,  and  the  well  known  Searles  borax  lake  in  San  Bernardino  County,  with  its  many  asso- 
ciated minerals,  is  a  good  illustration  of  a  desert  formation.  The  Lang  deposit,  however,  ia  an  exception,  as  the  rleo- 
colemanite  is  practically  unaccompanied  by  other  minerals,  except  howlite,  which  is  a  silico-colemanite,  and  some 
calcite.     Waters  emptying  into  the  basin  could  not  have  been  charged  with  mixed  alkali  salts. 

It  seems  probable  that  the  original  site  of  the  deposit  wa.s  a  marsh  containing  marl  and  calc  tufa  with  mud  and 
considerable  organic  growth,  and  that  later  waters  charged  with  boracic  acid  flowed  into  the  basin  and  converted  the 


'  Campbell,  M.  R.,  Reconnaissance  of  the  borax  deposits  of  Death  Valley  and  Mohave  Desert:  U.  S.  Geol.  Survey  Bull.  200,  pp.  8, 12, 1902. 
"-  Spurr,  J.  E.,  Ore  deposits  of  the  Silver  Peak  quadrangle,  Nevada:  U.  S.  Geol.  Survey  Prof.  Paper  55,  p.  21, 1900. 
'  Keyes,  C.  R.,  Bora.x  deposits  of  the  United  States:  Am.  Inst.  Mtn.  Eng.  Bull.  34, 1909. 

<  Baker,  C.  L.,  Cenozoic  history  of  the  Mohave  Desert:  Univ.  California  Dept.  C7eology  Bull.,  vol.  0,  No.  15, 1911. 

s  Eakle,  A.  S.,  Neo-colemanite,  a  variety  of  colemanite,  and  howlite  from  Lang,  Los  Angeles  County,  Cal.:  Univ.  California  Dept.  Geology  Bull, 
vol.  B,  No.  9,  1911,  pp.  179-1S9. 
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carbonate  of  lime  into  the  borate.  Some  and  perhaps  the  greater  part  of  the  argillaceous  material  which  forms  the  shales 
was  precipitated  by  the  decomposition  of  the  impure  limestone,  together  with  organic  matter.  The  carbon  dioxide  set 
free  may  not  wholly  have  escaped,  but  possibly  became  occluded  in  the  mud  and  later  converted  into  carbon.  Most 
of  the  borate  is  of  a  blackish-gray  color,  due  to  impregnations  of  carbon  along  the  cleavages  and  fractures.  The  conver- 
sion of  the  limestone  into  the  borate  in  all  probability  took  place  before  the  overlying  sandstones  were  formed.  The 
absence  of  soda  compounds  and  the  presence  of  abundant  plant  life  indicate  that  the  lake  or  marsh  was  fresh,  into  which 
springs  containing  boric  acid  discharged.     The  deposit  later  became  submerged  and  the  sandstones  were  laid  down. 

The  origin  of  the  boric  acid  is  presumably  volcanic  and  the  springs  probably  issued  from  vents  in  the  immediate 
vicinity  of  the  basin.  The  deposit  is  situated  in  a  hilly  district  and  is  partly  surrounded  by  high  masses  of  volcanic 
tuffs  and  rhyolites.  The  subsequent  tilting  of  the  deposit  was  not  accompanied  by  heat  or  pressure  sufficient  to 
modify  the  borate  materially,  yet  the  mineral  shows  lines  of  strain  and  columnar  partings  due  to  pressure  and  shrink- 
age. The  fissile  shales  owe  their  solidity  to  this  slight  pressure,  and  carbonization  to  some  extent  was  also  the  result. 
There  is,  of  course,  the  possibility  that  all  of  the  carbon  in  the  dejxisit  is  from  organic  matter,  the  CO™  of  the  carbonate 
escaping,  as  some  of  the  shales  are  quite  bituminous. 

Eakle  does  not  mention  any  immediate  relation  of  the  deposit  to  lavas,  such  as  are 
known  to  be  intimately  associated  with  borate-bearing  beds  elsewhere,  although  he  notes 
that  the  Lang  district  is  partly  surrounded  by  high  masses  of  volcanic  tuffs  and  rhyolites. 

Study  of  the  colemanite  deposits  in  Ventura  County,  Cal.,  and  observations  on  similar 
deposits  near  Death  Valley  have  led  the  writer  to  the  conclusion  that  these  borate  minerals 
and  probably  also  most  of  the  gypsum  associated  with  them  are  vein  deposits  and  not  the 
product  of  evaporated  lake  waters.  The  evidence  supporting  this  conclusion  is  set  forth 
briefly  below. 

COLEMANITE  DEPOSITS  OF  VENTURA  COUNTY,  CAL. 

The  Ventura  County  deposits  of  colemanite  lie  on  the  southern  ffank  o(  Mount  Finos, 
near  the  San  Emigdio  Range,  at  the  south  end  of  the  San  Joariuin  Valley.  The  colemanite  is 
found  within  a  series  of  bedded  rock  formations,  which  have  been  extensively  folded  and 
fatdted.  In  general  the  trend  of  their  outcrop  is  northeast  and  southwest,  and  the  dij)  south- 
eastward, away  from  the  higher  elevations  of  the  Mount  Pinos  Range. 

The  section  of  sedimentary  beds  and  lava  with  whicli  the  colemanite  is  associated  is  in 
general  terms  as  follows: 

Section  of  formations  in  u-hich  colemanite  occurs  in  Ventura  County,  Cal. 

Top  of  section  measured.  Feet. 

Shale  and  some  sandstone 300 

Basaltic  lava  flows,  with  intercalated  layers  or  lenses  of  shale  and  limestone 600 

Shale '. (iOO 

Conglomerate,  bowlders,  or  cobbles  of  light  granitic  rock  cemented 600 

Other  sedimentary  rocks  below. 

These  beds  are  believed  to  be  of  Miocene  age.  The  more  extensive  stratigraphic  section 
exposed  in  this  general  region  has  not  been  included  here,  as  its  possible  relation  to  the  borate 
ores  seems  remote  and  it  evidently  uivolves  many  ct)mj)lex  problems.  TJie  beds  defined  above 
are  apparently  conformable.  The  most  valuable  borate  deposits  are  mcluded  within  the  layers 
of  shale  and  limestone  intercalated  within  the  flows  of  basalt,  but  borates  occur  also  m  the 
shales  above  and  below  the  basaltic  flow  rock,  though  invariably  in  close  association  with 
tiiis  lava. 

'I'hc  following  interpretation  may  Ix'  placed  on  tlic  section  given  above.  The  base  of  tiie 
section  is  a  nnissive  conglomerate  made  up  of  bowhU'rs  or  more  or  less  rounded  cobbles,  in  part 
very  firmly  cemented  together,  and  the  whole  mass  constitutes  a  rather  distinct  formational 
unit.  This  is  supposed  to  be  a  ])iedmont  alluvial  deposit  that  was  originally  spread  otit  from 
tlic  l)ase  of  tiie  Mount  Pinos  Range.  The  core  of  tiic  range  is  believed  to  l)e  mainly  granite  of 
the  character  represented  by  the  l)owl(hn's  of  this  formation.  The  bowlders  are  coarser  near 
the  mountains  and  seem  to  grade  off  to  finer  material  at  greater  distance,  the  formation  as  a 
whole  taking  on  the  character  of  sandstone,  as  illustrated  at  the  Ives  camp,  at  the  lower  end 
of  the  Middle  Fork  canyon.     There  seems  little  evidence  in  this  formation  to  indicate  other 
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than  subaerial  distribution  of  very  coarse  detrital  material.  However,  in  the  opinion  of  R.  W. 
Pack,  who  has  studied  the  areal  geology  of  the  north  slope  of  the  San  Emigdio  Range,  there 
may  exist  some, room  for  doubt  that  the  coarse  gravels  were  deposited  subaerially.  On  the 
north  slope  of  that  range  about  10  miles  north  of  the  borax  mines  he  has  found  coarse  con- 
glomerate beds  containing  granitic  bowlders  several  feet  in  diameter  interstratified  with  fine 
sandstones  and  sandy  and  diatomaceous  shales,  the  latter  containing  marine  fossUs  of  ]\Iiocene 
age.  The  coarse  beds  occur  at  several  horizons  and  are  so  intimately  associated  with  tlie  fossilif- 
erous  strata  as  to  suggest  that  the  whole  section  is  marine. 

The  shale  overlying  the  bowlder  conglomerate  and  sandstone  is  light-colored  detrital  mate- 
rial, thin  bedded,  and  so  readily  eroded  that  it  does  not  form  conspicuous  exposures.  It  has 
not  been  exammed  in  detaQ,  but  it  is  supposed  to  be  made  uj)  of  muds  derived  by  the  more 
complete  comminution  of  granitic  material  similar  to  the  granite  m  composition.  It  may  be 
a  delta  plam  or  alluvial  deposit  distributed  by  quieter  waters  than  those  which  carried  out  the 
bowlder  wash,  or  it  may  have  been  deposited  under  water.  At  present  there  is  no  conclusive 
evidence  as  to  its  origin. 

Overlying  the  shale  is  a  massive  accumulation  of  Hows  of  l)asaltic  lava,  witli  vesicular 
and  slaggy  layers.  Evidently  many  distinct  flows  are  represented  m  the  thickness  of  some  600 
feet  measured  on  North  Fork.  These  flows  include  several  mtercalated  layers  of  shale  and 
limestone,  with  whicli  the  most  valuable  colemanite  deposits  of  the  district  are  associated. 

The  basalt  is  overlam  by  another  mass  of  shale  and  sandstone  similar  to  that  which  imder- 
lies  it.  The  history  represented  by  these  beds  may  be  much  like  that  wliicli  jjreceded  tlie 
outpourings  of  the  lava. 

The  colemanite  of  Ventura  County  is  evidently  typical  of  the  mineral  as  it  occurs  elsewhere. 
It  is  found  in  solid  crystalline  masses  of  large  size  but  of  very  irregular  form.  The  mineral 
itself  in  its  purest  form  is  mOky  white,  even  glassy  in  part,  much  resembling  pure-white  calcite 
in  general  appearance  and  cleavage.  The  crystal  forms  are,  however,  quite  distinct  from 
those  of  calcite.  The  less  pure  massive  ore  includes  grayish  or  even  black  crystalline  bodies, 
the  color  of  which  is  supposed  to  be  due  to  included  impurity. 

The  mineral  masses  as  a  whole  are  of  very  irregular  form,  but  they  have  been  generally 
described  as  bedded  deposits,  for  they  appear  to  follow  the  bedding  of  the  sedimentary  strata 
with  which  they  are  associated.  When  examined  in  detail,  however,  the  mineral  colemanite 
does  not  exhibit  any  bedding  structure  but  only  the  forms  characteristic  of  the  crystallization 
of  the  mineral  itself.  .The  massive  deposits  are  either  crystalline  without  definite  arrangement 
or  show  radial  structures  as  well  as  seams  of  definitely  vein-banded  material,  included  between 
walls,  in  places  containmg  open  cavities  lined  with  crystal  terminations.  The  irregularity  or 
bunchy  character  of  the  deposits  alone  would  prohibit  strict  parallelism  with  the  distinctly 
bedded  shales  in  which  they  are  included.  Other  evidence  afforded  by  the  deposits  themselves 
is  suggestive  of  formation,  in  veins,  as  wall  be  pointed  out. 

The  larger  deposits  of  colemanite,  such  as  those  of  the  Columbus,  Russell,  and  Frazier 
mines,  are  associated  with  shale  and  limestone  lenses  included  within  the  section  of  basalt  lava 
flows.  In  each  of  the  mines  mentioned  the  colemanite  ore  appears  to  have  been  developed  in 
immediate  association  with  a  bed  of  limestone  included  within  the  shale.  This  Umestone  is 
massive  or  of  rough,  porous  character  on  the  weathered  outcrop,  suggesting  the  designation 
"travertine-like."  Basaltic  lava  occurs  stratigi-aphically  above  and  below  the  ore  bodies  and 
is  generally  encountered  m  the  mine  workings  not  far  from  the  ore.  The  shalfv  bands  interca- 
lated within  the  basalt  flows  much  resemble  the  shales  that  both  overlie  and  underlie  the 
whole  sequence  of  flows. 

Tlie  present  attitude  of  flie  l)cds  that  include  the  ore  bodies  ranges  from  lU'arly  Jhi(  (o 
steeply  dipping.  The  nearly  horizontal  ore  bodies  in  the  Frazier  mine  are  the  develo|)ment 
of  beds  near  the  crest  of  an  anticlinal  fold.     In  general  the  rocks  dip  steeply. 

In  one  large  deposit  examined  underground  (in  the  Russell  mine)  the  main  ore  body 
follows  a  zone  of  slip  faulting,  which  is  also  approxunately  parallel  to  the  bedding,  the  ore 
being  limited  with  much  distinctness  by  a  wall  of  slickensided  gouge. 
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The  outcrops  have  rarely  shown  any  colemanite,  even  in  the  ore-bearuig  zone.  The  one 
exception  noted,  tliat  of  the  original  discoverv  at  the  Frazier  miiie,  was  an  exposure  near  the  top 
of  a  very  steep  bluff  in  which  a  great  amount  of  slipping  had  taken  place  and  normal  outcrops 
were  not  present.  Possil)ly  a  minor  amount  of  the  borate  minerals  is  also  present  elsewhere  in 
the  outcropping  strata,  but  it  is  very  inconspicuous  and  was  not  observed.  As  a  rule  the  out- 
crop of  the  borate-bearing  beds  is  either  folded  and  crumpled  shale  or  shale  including  a  massive 
limestone  ledge,  the  limestone  forming  the  most  conspicuous  part  of  the  outcrop.  These  zones 
are  generally  indicated  by  an  abundance  of  gypsum,  which  is  a  marker  followed  in  prospecting 
and  occurs  in  the  form  of  thin  stringers  included  in  the  opened  bedding  planes  and  in  cross  fractures 
of  the  shale.  All  the  gypsum  is  of  the  clear  crystalline  variety  selenite,  and  no  massive  bedded 
deposits  of  gypsum  are  known  in  tliis  region.  The  outci'ops  of  these  gypsiferous  shales  are 
also  characteristically  marked  by  the  occurrence  of  "button"  concretions — flattened  spheroidal 
nodules  or  disks  of  calcareous  composition  that  have  very  commonly  been  mistaken  for  fossils. 
The  occurrence  of  these  concretions  at  the  outcrop  of  the  basaltic  lava,  in  the  immediate  vicinity 
of  the  ore-bearing  zones,  usually  only  a  few  feet  distant,  is  believed  to  be  significant  and  is 
generally  noted  and  referred  to  by  the  prospector.  As  a  rule,  however,  the  prospector  regards 
the  lava  as  an  intrusive  "porphyry,"  which  it  clearly  is  not,  as  attested  by  its  common  vesicular 
and  amygdaloidal  character,  as  well  as  its  distinctly  bedded  structure,  confonnal)le  with  the 
sedimentary  strata. 

Certain  specimens  collected  on  the  ore  dumps  and  in  the  mmes  show  that  at  least  a  part 
of  the  colemanite  is  a  replacement  deposit.  Irregular  portions  of  the  limestone  are  surrounded 
by  white  crj^stalline  colemanite,  and  minute  fractures  which  traverse  the  limestone  throughout 
are  also  filled  with  this  mineral.  These  veinlets  are  observed  to  have  been  eidarged  ii-regularlv 
wdthin  the  limestone.  Small  rounded  masses  of  limestone  are  also  included  within  the  solid 
portions  of  the  colemanite,  indicating  that  in  places  the  same  enlargement  of  intersecting 
veinlets  has  been  carried  to  a  further  stage  and  the  separated  limestone  portions  are  residual 
within  the  deposited  colemanite. 

GENERAL  EVIDENCE   OF   VEIN    CHARACTER    OF   COLEMANITE   DEPOSITS. 

The  direct  e\ddence  of  the  character  of  the  colemanite,  of  course,  lies  in  the  de])osits  them- 
selves. If  the  deposits  are  of  vein  form,  the  evidence  suggesting  it  lias  hitherto  been  overlooked. 
In  natural  outcrops  relationships  are  obscure.  The  study  of  the  ore  in  place  is  not  facUitatecl 
by  conditions  at  the  mines.  The  old  mining  entries  on  the  Ventura  County  deposits  were,  when 
visited,  either  uuiccessible  or,  if  o])en,  were  hea^^ly  timbered,  dripj)ing  with  water,  and  coated  with 
nuid,  so  that  they  were  not  favorable  to  detailed  stud}'  of  the  character  of  the  ore.  The  facts 
of  observation  therefore  are  not  yet  to  be  considered  conclusive,  and  juilgment  as  to  whether 
these  deposits  originated  as  veins  or  throiigh  desiccation  involves  a  study  of  other  more  general 
considerations. 

Colemanite,  the  borate  of  lime,  is  relatively  insoluble  in  water.  A  recent  determination, 
made  at  tlie  writer's  suggestion  by  W.  B.  Ilicks  in  the  Geological  Survey  laboratoiy,  of  the 
solubility  of  certain  specimens  of  apparently  pure  colemanite  from  the  Ventura  County  deposits 
has  shown  that  at  ordinary  temperatures  (20°  to  25°  C.)  about  1  part  is  soluble  in  about  1,100 
parts  of  water.  Van  't  Hoft'  has  shown  that  colemanite  may  be  produced  artificialh'  by  reactions 
from  other  calcium  borates  in  saturated  alkali  chloride  solutions,  but  the  writer  knows  of  no 
data  concerning  the  possible  formation  of  this  mineral  by  direct  reaction  of  boric  acid  and  lime- 
stone. It  is  natural  to  assume  that  free  boric  acid,  which  is  a  common  constituent  of  the  later 
volcanic  emanations  in  this  general  region,  might  react  with  limestone,  and  that  b)''  the  substi- 
tution of  boric  for  carbonic  acid  the  lime  borate  would  be  formed.  Thus  bj'  a  process  of  metaso- 
miuic  re])lacement  might  have  been  formed  deposits  of  the  typical  UTCgular  character  of  the 
knnwn  colemanite  masses,  roughly  following  the  bedduig  of  the  original  calcareous  rock  or  of 
the  interbedded  lenticular  bodies  of  limestone.  Therefore  in  so  far  as  the  natural  reactions  are 
concerned  the  formation  of  colemanite  as  fissure  and' replacement  vein  dei)osits  is  well  within 
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the  limits  of  possibility.  But  for  other  reasons  also  it  seems  that  these  colemanite  deposits  are 
not  logically  to  be  ascribed  to  deposition  as  the  principal  constituent  of  a  residue  derived  from 
the  waters  of  a  desiccating  saline  lake. 

Borates  have  been  shown  to  exist  in  natural  saline  waters  and  desiccation  deposits  in  many 
parts  of  the  Great  Basin  and  the  desert  country  of  the  western  United  States.  So  far  as  known 
to  the  writer,  however,  colemanite  has  nowhere  been  deposited  as  a  result  of  desiccation,  but 
rather  the  boric  acid  has  combmed  to  form  the  more  common  surface  saline  mmerals,  such  as 
ulexite  and  tincal.  Is  it  therefore  reasonable  to  suppose  that  ulexite,  tincal,  etc.,  could  have 
been  the  primary  deposits  of  such  Tertiary  dry-lake  formations,  from  which  colemanite  had 
subsequently  formed  as  a  secondaiy  product  ?  If  this  had  been  so,  would  not  some  evidence 
of  the  primary  deposit  be  at  hand,  either  in  the  composition  or  m  the  structure  of  some  parts 
of  the  colemanite  deposits?     Such  evidence  has  not  been  recorded. 

If  colemanite  were  but  a  part  of  a  natural  saline  residue  deposited  by  the  desiccation  of  the 
waters  in  which  these  materials  had  accumulated  and  become  concentrated,  it  would  be  most 
natural  to  expect  other  salines  that  are  commonly  more  abundant  than  the  salts  of  boric  acid  in 
the  typical  desiccation  deposits  of  the  desert  region.  No  appreciable  amoimt  of  bedded  salt, 
sodium  sulphate,  or  carbonate  is  to  be  found  with  the  colemanite  dejiosits  known  to  the  wTiter. 
The  borate-bearing  shales  of  the  Ventura  County  dejiosits  are  not  even  of  a  character  that  might 
be  described  as  "alkaline"  m  ordinary  desert  parlance. 

Gypsum  and  lunestone,  the  latter  travertine-hke,  occur  in  association  with  the  borates, 
and  former  writings  have  already  been  cjuoted  to  the  effect  that  both  are  chemical  residues 
derived  from  the  same  desiccation  that  crystallized  the  colemanite.  The  gypsum  associated 
with  the  borate-bearing  shales  is  crystaUine  selenite.  All  or  the  greater  part  of  it  occurs  in  thin 
stringers,  which  not  only  follow  the  bedding  joints  of  the  shales  but  fill  transverse  fractures. 
The  cross-fiber  structure  of  much  of  this  selenite  is  evidence  of  its  deposition  in  veins.  No  rock 
gypsum  of  distinctively  sedimentary  character  was  observed  in  any  of  these  beds.  Gypsum  is 
being  deposited  from  ground  waters  along  the  walls  of  the  mining  entries  at  the  present  time. 
It  still  remains  to  be  proved,  therefore,  tiiat  any  gypsum  of  original  sedimentary  character  is 
included  with  the  borate-bearing  deposits.  All  of  this  mineral  present  may  have  been  intro- 
duced in  solution  by  percolating  ground  waters.  The  stringers  of  gypsum  noted  so  abundantly 
in  the  outcrops  of  the  borate-bearing  shales  have  not  been  shown  to  ])ersist  in  like  c[uantity  in 
the  few  deeper  develoj)ments  of  the  mining  entries. 

The  limestone  strata  with  which  the  principal  colemanite  ore  bodies  are  associated  are 
evidently  original  in  the  sedunentary  sequence.  They  are  in  part  at  least  travertine-like, 
weatheiing  in  rough  tufa-like  surfaces,  and  are  not  compact  like  more  typical  limestones.  Their 
character  suggests  the  probability  that  they  are  chemical  deposits,  possibly  of  local  extent,  laid 
down  in  shallow  waters,  being  smiilar  to  the  travertine  de])osits  now  forming  near  springs  or 
where  ground  waters  flow  into  ponds  or  saline  lakes.  The  limestone  masses  are  believed  to  be 
of  lenticidar  form  and  to  occur  interbedded  with  shales  at  various  horizons  within  tlie  flows  of 
basaltic  lava.     They  are  not  necessarily  the  product  of  desiccation. 

I:i  fact,  there  is  little  evidence  from  the  stratigraphic  section  associated  with  the  borate 
beds  of  Ventura  County  that  can  be  taken  to  indicate  the  extensive  lacustral  conditions  com- 
monly assumed  to  have  existed  during  the  Miocene  epoch  in  the  Tertiary.  Some  of  the  asso- 
ciated deposits  may  have  been  "lake  beds,"  but  the  writer  believes  rather  that  the  submergences 
were  tiie  result  of  local,  temporary,  and  variable  conditions,  such  as  may  have  occurred  during 
or  after  periods  of  shallow  flooding  in  the  lower  portions  of  piedmont  fluviatile  plains. 

Lastly,  an  explanation  of  tiie  soin-ce  of  the  boric  acid  is  to  be  sought.  Naturally,  a  volcanic 
origin  is  suggested,  and  in  Ventura  County  the  association  of  the  colemanite  with  the  basaltic 
lava  is  certainly  intimate.  It  is  a  common  saying  among  prosjiectors  of  the  district  that  "  borax  " 
wiU  not  be  found  except  near  a  "porphyi-y  contact"  and  in  association  with  limestone.  It  is 
true  that  the  larger  ore  l)odies  mined  are  all  in  close  relation  with  some  part  of  the  basaltic  lava 
flow  rock  in  place,  generally  within  a  few  feet  of  it .     The  borate-bearing  beds  follow  the  outcrop 
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of  the  l)asalt  flows  throughout  the  district.  The  question  in  what  way  boric  acid  originating 
witli  the  extrusion  of  these  flows  could  have  caused  reactions  and  mineral  deposition  soon  or 
long  after  the  period  of  the  lava  extrusion  remains  for  further  investigation. 

SUMMARY. 

The  evidence  favoring  the  hypothesis  of  a  desiccated  saline  lake  to  explain  the  origin  of  the 
colemanite  has  little  to  support  it  beyond  rather  general  assumptions.  The  actual  character  of 
the  deposits  themselves  indicates  rather  a  vein  type  of  formation.  The  gypsum  which  has  been 
pointed  to  as  a  desiccation  deposit  related  to  the  colemanite  is  also  of  vem  character.  Other 
salines  which  would  naturally  be  expected  in  desiccation  de])osits  resulting  from  natural  saline 
solutions  are  not  found  in  association  with  the  colemanite.  Those  who  have  sui)])orted  tlie 
desiccation  hypothesis  have  offered  no  ex])lanation  of  the  reaction  which  might  i)roduce  cole- 
manite in  such  massive  deposits  as  a  product  of  water  evaporation,  while,  on  tiie  contrary,  its 
formation  from  limestone  in  veins  by  replacement  of  carbonic  acid  with  boric  acid  is  a  natural 
workmg  hypothesis  that  deserves  experimental  investigation.  The  relations  of  the  deposits  to 
basalt  lava  flows  indicate  the  probable  origin  of  the  boric  acid  at  the  time  of  the  extrusion  of 
these  lavas,  although  it  may  also  be  necessary  to  assume  that  this  acid  continued  to  And  its  way 
into  solution  of  the  circulating  ground  waters  long  after  the  period  of  the  lava  extrusions. 
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